

































A THESIS SUBMITTED 
 FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENTAL OF CHEMICAL AND 
BIOMOLECULAR ENGINEERING 
NATIONAL UNIVERSITY OF SINGAPORE 
2007 
 




I am sincerely grateful to every individual who has helped me in one way or the other 
in my Ph. D study at the National University of Singapore. 
 
My greatest gratitude would go to my thesis supervisor, Professor Jim Yang Lee, for 
his unrelenting positivism and guidance throughout the course of this research project. 
He has imparted in me the skill of creative problem solving, the scientific rigor in 
critiquing experimental results from a myriad of angles, objectivity and optimism that 
transform apparent problems into new discoveries and opportunities.  These skill sets 
have enabled me to establish the overall direction of the research and to identify the 
niche areas for more in-depth investigations. I also thank him for his generous support 
in both research activities and other aspects of my life experience. 
 
At the same time, I would like to express my sincere thanks to all of my friends and 
colleagues in the laboratory, in particular Dr. Weijiang Zhou, Dr. Qingfeng Yan, Dr. 
Jun Yang, Mr. Jianhuang Zeng, Mr. Qinjia Cai, Ms. Haiqin Pei, and Mr. Qingbo 
Zhang. Without their encouragement and collaboration, this work could not have been 
completed. 
 
Mr. Phai Ann Chia, Mr. Zeliang Yuan, Mr. Boey Kok Hong, Ms. Samantha Hwee 
Koong Fam, Ms. Sylvia Foon Kiew Wan, Mr. Ng Kim Poi, and Ms. Chai Keng Lee, 
are the unsung heroes whose technical support is behind the success of every graduate 
student’s work. I am indebted to them for all the services rendered.  
                                                                                                          Acknowledgement 
 ii 
 
Finally, I acknowledge the generosity of the National University of Singapore for 
providing the research scholarship throughout my entire Ph.D candidature. 
 
                                                                                                             Table of contents 
 iii
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENT……………………………………………………...     i 
TABLE OF CONTENTS………………………………………………………   iii 
SUMMARY……………………………………………………………………..  vii 
ABBREVIATIONS……………………………………………………………..   ix 
LIST OF TABLES……………………………………………………………...  xii 
LIST OF FIGURES……………………………………………………………. xiii 
  
CHAPTER 1 INTRODUCTION    
    1.1 Background………………………………………………………………..   1 
    1.2 Objectives and Scope……………………………………………………...   3 
  
CHAPTER 2 LITERATURE REVIEW    
    2.1 Direct methanol fuel cells (DMFC) ………………………………………   6  
        2.1.1 Mechanisms of methanol electrooxidation on pure platinum………...   8 




            2.1.2.1 Bifunctional catalysis…………………………………………….  10 
            2.1.2.2 Ligand effects…………………………………………………….  16 
    2.2 Common multi-component methanol oxidation electrocatalysts………….  19 
        2.2.1 Alloy nanoparticles…………………………………………………...  19 
            2.2.1.1 PtRu nanoparticles……………………………………………….  19 
            2.2.1.2 PtNi nanoparticles………………………………………………..  25 
                                                                                                             Table of contents 
 iv 
            2.2.1.3 PtRe nanoparticles………………………………………………..  26 
            2.2.1.4 PtOs nanoparticles………………………………………………..  27 
        2.2.2 Unalloyed nanoparticles………………………………………………  28 
        2.2.3 Pt(hkl) electrodes modified with oxophilic-metals by  spontaneous 
deposition and electrodeposition………………………………………………… 
 
 30 
    2.3 Multi-segment nanorods…………………………………………………..  33 
        2.3.1 Potential change method……………………………………………...  34 
        2.3.2 Electrolyte change method……………………………………………  36 
    2.4 Macroporous films………………………………………………………...  38 
  
CHAPTER 3 TEMPLATE PREPARATION OF MULTI-SEGMENT Pt-
Ni NANORODS 
  
    3.1 Introduction………………………………………………………………..  43 
    3.2 Experimental section………………………………………………………  44 
        3.2.1 Materials………………………………………………………………  44 
        3.2.2 Synthesis of nanorods………………………………………………...  45 
        3.2.3 Electrochemical measurements……………………………………….  47 
    3.3 Results and discussion…………………………………………………….  47 
        3.3.1 FESEM, XRD, XPS characterizations of nanorods…………………..  47 
        3.3.2 Cyclic voltammetric studies…………………………………………..  53 
    3.4 Conclusion………………………………………………………………...  58 
  
CHAPTER 4 TEMPLATE PREPARATION OF MULTI-SEGMENT Pt-
Ru NANORODS 
 
    4.1 Introduction………………………………………………………………..  60 
                                                                                                             Table of contents 
 v 
    4.2 Experimental section………………………………………………………  61 
        4.2.1 Materials………………………………………………………………  61 
        4.2.2 Synthesis of nanorods………………………………………………...  62 
        4.2.3 Electrochemical measurements……………………………………….  64 
    4.3 Results and discussion…………………………………………………….  65 
        4.3.1 FESEM, XRD, XPS characterizations of nanorods………………….  65 
        4.3.2 Electrochemical studies……………………………………………….  73 
    4.4 Conclusion………………………………………………………………..  77 
  
CHAPTER 5 TEMPLATE PREPARATION OF FIVE-SEGMENT Pt/Ru, 
Pt/Ni, AND Pt/RuNi NANORODS 
  
    5.1 Intrudution…………………………………………………………………  79 
    5.2 Experimental section………………………………………………………  80 
        5.2.1 Synthesis of nanorods………………………………………………...  80 
        5.2.2 Electrochemical measurement………………………………………..  82 
    5.3 Results and discussion…………………………………………………….  83 
        5.3.1 FESEM, XRD, XPS characterizations of nanorods…………………  83 
        5.3.2 Electrochemical studies………………………………………………  93 
    5.4 Conclusion.……………………………………………………………….. 101 
  
CHAPTER 6 TEMPLATE PREPARATION OF MULTI-SEGMENT Pt-
RuNi NANORODS WITH DIFFERENT Ru AND Ni RATIOS 
 
    6.1 Introduction……………………………………………………………….. 103 
    6.2 Experimental section……………………………………………………… 104 
        6.2.1 Materials……………………………………………………………… 104 
                                                                                                             Table of contents 
 vi 
        6.2.2 Synthesis of Nanorods……………………………………………….. 105 
        6.2.3 Electrochemical measurements………………………………………. 107 
    6.3 Results and discussion……………………………………………………. 108 
        6.3.1 FESEM, XRD, XPS characterizations of nanorods………………….. 108 
        6.3.2 Electrochemical studies……………………………………………… 117 
    6.4 Conclusion……………………………………………………………….. 121 
  
CHAPTER 7 HIGH REGULARITY POROUS OXOPHILIC METAL 
FILMS ON Pt AS MODEL BIFUNCTIONAL CATALYSTS FOR 
METHANOL OXIDATION 
 
    7.1 Introduction……………………………………………………………….. 123 
    7.2 Experimental section……………………………………………………… 124 
        7.2.1 Materials……………………………………………………………… 124 
        7.2.2 Fabrication of macroporous metal films on Pt quartz crystal substrate 125 
        7.2.3 Electrochemical measurements………………………………………. 127 
    7.3 Results and discussion……………………………………………………. 127 
        7.3.1 FESEM, XRD and XPS Characterizations…………………………... 127 
        7.3.2 Electrochemical Studies……………………………………………… 136 
    7.4 Conclusion……………………………………………………………….. 142 
  
CHAPTER 8 CONCLUSIONS & RECOMMENDATIONS………………... 144 
 
 




This thesis work focuses on developing model anode electrocatalysts for direct 
methanol fuel cell (DMFC) applications. Model catalysts in the form of multi-
segment nanorods and macroporous oxophilic metal films on Pt were fabricated and 
extensively characterized by field emission scanning electron microscopy, energy 
dispersive spectrometry, X-ray diffractometry, and X-ray photoelectron spectroscopy. 
The catalytic activities for room temperature electro-oxidation of methanol were 
measured in conventional three-electrode test cells using formulated mixtures of the 
model catalysts as the working electrodes. 
 
Multi-segment Pt-Ru (Pt-Ru, Pt-Ru-Pt, Pt-Ru-Pt-Ru, Pt-Ru-Pt-Ru-Pt, Pt-Ru-Pt-Ru-Pt-
Ru) and Pt-Ni (Ni-Pt, Ni-Pt-Ni, Ni-Pt-Ni-Pt, Ni-Pt-Ni-Pt-Ni) nanorods with controlled 
lengths of the individual metals were obtained by sequential electrodeposition of the 
metals into the pores of anodic aluminum oxide (AAO) membranes. The Pt-Ru 
nanorods were about 200 nm in diameter and 1.2 µm in length (with 900 nm of total 
Pt segment length); the Pt-Ni nanorods were about 170 nm in diameter and 1.6 µm in 
length (with 530 nm of total Pt segment length). These Pt-Ru and Pt-Ni nanorods 
were active catalysts for the room temperature electrooxidation of methanol under 
acidic conditions. Current-time curves and cyclic voltammograms showed a linear 
relationship between catalytic activity and the number of Pt-M (M = Ru and Ni) 
interfaces, thereby providing an unambiguous demonstration of the existence of 
bimetallic pair sites and bifunctional catalysis in the DMFC anode reaction. 
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Five segment Pt-Ru-Pt-Ru-Pt, Pt-Ni-Pt-Ni-Pt, and Pt-RuNi-Pt-RuNi-Pt (with three 
RuNi alloy compositions) nanorods with the same overall rod length and the same 
total Pt segment length were also produced by sequential electrodeposition of the 
metals into the AAO pores. Since these multi-segment nanorods were prepared with 
the same segment number, the same total Pt length, the same overall rod length and 
the same diameter, the observed difference in activities should mirror the intrinsic 
chemistry of the pair sites. From voltammetric and chronoamperometric 
measurements the Pt-RuNi pair sites with a Ru:Ni atomic ratio of 2.46:1 had the 
highest and most sustainable catalyst activity in methanol oxidation because of their 
effectiveness in water dissociation and the oxidative removal of COad intermediates.  
The Pt-RuNi pair sites with a Ru:Ni ratio of 7.52:1 were the next active, followed by 
the Pt-RuNi pair sites with Ru:Ni ratio of 1:2.49 and the Pt-Ru pair sites. The Pt-Ni 
pair sites were the least active among the five types of pair sites. 
 
Macroporous Ru, Os, Re, RuOs (co-deposited), and RuRe (co-deposited) films on Pt 
were obtained by the electrodeposition of metals into the interstices of annealed, 
closely-packed uniform spheres of polystyrene arranged on a Pt substrate. The 
number and the size of the pores on the Pt substrates were both controllable, and were 
kept constant throughout the experiments.  From CO stripping voltammetry in dilute 
acids and chronoamperometry in acidified methanol solutions, the Pt-RuOs pair sites  
showed the best CO tolerance and the most sustainable catalyst activity in methanol 
oxidation, followed by Pt-RuRe pair sites, Pt-Ru pair sites, and Pt-Os pair sites in that 
order. The Pt-Re pair sites were unstable because of the selective etching of Re by the 
electrolyte. 
 




AAO Anodic aluminum oxide 
Ag Silver 
AgCl Silver chloride 
aq aqueous phase 
AR Atomic ratio 
BE Binding energy 
CH3OH Methanol 
CO Carbon monoxide 
CO2 Carbon dioxide 
Cu Copper 
CuCl2 Copper chloride 
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There is strong growing interest in using direct methanol fuel cells (DMFC) as the 
power source for portable electronic products because of their high volumetric energy 
density, quick start-up, convenience of generating energy from a liquid fuel and low 
levels of environmental pollution (Hamnett, 1997; Antolini, 2003). While methanol 
can be easily activated on a platinum anode at room to moderate temperatures, Pt is 
also readily deactivated by the CO–like intermediates (COad) formed in the methanol 
activation reactions. In order to increase the CO tolerance of Pt, oxophilic metals such 
as Ru (King, et al., 2003; Jiang and Kucernak, 2004; Solla-Gullon, et al., 2004), Ni 
(Choi, et al., 2003; Deivaraj, et al., 2003; Park, et al., 2003), Re (Beden, et al., 1981; 
Anderson, et al., 2004), and Os (Ley, et al., 1997; Gurau, et al., 1998; Moore, et al., 
2003) are incorporated into Pt either individually or collectively to form bimetallic or 
ternary Pt-alloy electrocatalysts. A reaction mechanism based on bifunctional 
catalysis (Watanabe and Motoo, 1975; Gasteiger, et al., 1994) has been proposed to 
explain the increased CO resistance of Pt-alloy DMFC anode catalysts. In brief, Pt 
activates the C-H bond cleavage in the surface adsorbed methanol. The Ptx-CO 
species that is formed in the process is strongly held by the Pt surface. When a 
neighboring oxophilic metal (e.g. Ru) is present, the Ptx-CO species reacts with the -





OHad species on the oxophilic metal site to produce CO2, thereby releasing the Pt sites 
for the next round of action. A more active form of –OHad species is also believed to 
prevail at the Pt-oxophilic metal pair sites. Therefore, the interface between Pt and 
oxophilic metal is of utmost importance in the catalysis of methanol electrooxidation. 
While multi-component catalysts can be prepared conventionally by co-impregnation 
(Anne, et al., 1991), co-precipitation (Watanabe, et al., 1987), and microemulsion 
(Zhang and Chan, 2003) methods, none of these techniques offers good control of the 
interface between Pt and the oxophilic metal. 
 
Model catalysts with geometrically distinct and reproducible bimetallic interfaces can 
in principle be fabricated by “fusing” different metal nanorods with the same diameter 
end-to-end to form multi-segment nanorods. This can be done most conveniently by 
sequential electrodeposition of the target metals into the pores of anodized aluminum 
oxide (AAO) membranes (Foss, et al., 1992). Different metals can be deposited into 
AAO from a solution of two or more metal ions at different applied potentials (Zhang, 
et al., 2003; Guo, et al., 2005), or from different electrolyte solutions used 
consecutively (Nicewarner-Pena, et al., 2001; Birenbaum, et al., 2003). The most 
notable advantage of electrodeposition over other chemical preparative methods is the 
precise control of the position and composition of the nanorods along the length. 
Unlike common alloys which may have a surface composition different from the bulk, 
and non-uniformly distributed active sites, the template-prepared multi-segment 
nanorods contain customizable and highly reproducible interfaces because the  
constituent metals are butted together, thereby offering a never-before possibility in 
controlling the microstructure of multi-component DMFC catalysts. 





Another geometry suitable for high fidelity replication of the bimetallic interfaces is a 
macroporous film of oxophilic metal with regular periodic pore structures on a Pt 
substrate, or vice versa. Highly ordered multi-layered macroporous metal films (Luo, 
et al., 2001; Bartlett, et al., 2002) can be obtained via electrodeposition of metal into 
the interstices formed by polystyrene (PS) spheres self-assembled on a suitable 
substrate. By using Pt quartz crystal as the substrate, and electrodepositing oxophilic 
metal in the interstices of temperature annealed close-packed submicron PS spheres 
on Pt, a macroporous film of oxophilic metal on Pt is obtained, which not only 
contains recognizable and controllable interfaces between the oxophilic metal and Pt, 
but also offers a higher ratio of pair sites relative to the Pt sites than the multi-segment 
nanorods, which can then be used advantageously to emphasize the effects of the pair 
sites in methanol electrooxidation. 
 
1.2 Objectives and Scope 
 
This Ph. D. work is aimed at producing nanostructured DMFC model anode catalysts 
with controllable Pt-oxophilic metal interfaces. The scope of work includes the 
preparation of model electrocatalysts, the identification of scientific issues, and the 
evaluation of activities and CO tolerance of the electrocatalysts so prepared in room 
temperature electrochemical oxidation of liquid methanol. For the oxophilic metal 
materials, we have focused on ruthenium, nickel, rhenium, and osmium due to their 
documented performance in methanol electrooxidation. 
 





The scope and specific objectives of this work include the following: 
 
1. The preparation and characterization of PtNi nanorods with the same overall 
rod length and the same Pt total segment length, but with different numbers of 
segments per nanorod (Ni-Pt, Ni-Pt-Ni, Ni-Pt-Ni-Pt, Ni-Pt-Ni-Pt-Ni). The 
purpose is to use these nanorods to demonstrate bifunctional catalysis and to 
correlate the measured activities in room temperature methanol 
electrooxidation with the number of Pt-Ni interfaces. 
2. The procedures established in (1) are applied next to the fabrication and 
characterization of multi-segment PtRu nanorods (Pt-Ru, Pt-Ru-Pt, Pt-Ru-Pt-
Ru, Pt-Ru-Pt-Ru-Pt, Pt-Ru-Pt-Ru-Pt-Ru), which are again prepared by keeping 
the overall rod length and the total Pt segment length constant. The purpose is 
to validate the results obtained in (1) with a different, and more active 
bimetallic catalytic system. 
3. Preparation and characterization of five-segment Pt-Ru-Pt-Ru-Pt, Pt-Ni-Pt-Ni-
Pt, and Pt-RuNi-Pt-RuNi-Pt nanorods with the same overall rod length and the 
same Pt total segment length. By keeping the number of bimetallic interfaces 
the same, the intrinsic activities of the various types of pair-sites can be 
unambiguously illustrated and compared. 
4. Preparation and characterization of five-segment Pt-RuNi-Pt-RuNi-Pt with 
different co-deposited Ru:Ni compositions with the same overall rod length 
and the same Pt total segment length. The Pt-RuNi interfaces represent an 
entirely new class of bimetallic pair-sites that cannot be replicated easily by 
common methods of preparation for the alloy catalysts.   





5. Preparation and characterization of macroporous Ru, Os, Re, RuOs 
(codeposited), RuRe (codeposited) films on the Pt substrate. The macroporous 
films are structured to significantly increase the number ratio of bimetallic pair 
sites relative to the Pt sites than what is impossible with the segmented 
bimetallic nanorods. New pair-sites such as Pt-RuOs and Pt-RuRe are also 
produced by this new fabrication technique and tested for methanol 
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 CHAPTER 2 
LITERATURE REVIEW 
 
This chapter attempts to give a succinct but up-to-date account of major topics 
relevant to this work. These topics are discussed in four sections: section one 
introduces the technological background of direct methanol fuel cells (DMFC), and 
current progress on the mechanism of methanol oxidation. Section two reviews the 
conventional multi-component electrocatalyts for methanol oxidation, focusing on the 
methods of preparation and their application performance. Sections three and four 
respectively discuss the template synthesis of multi-segment nanorods and 
geometrically regular macroporous films, which are the principal methods used to 
fabricate model electrocatalysts in this thesis effort. 
 
2.1 Direct methanol fuel cells (DMFC) 
 
A fuel cell is an electrochemical device in which the chemical energy stored in a fuel 
is converted directly into electricity. Specifically, a fuel cell consists of an anode to 
which a fuel is delivered, and a cathode to which an oxidant is supplied. The two 
electrodes are separated by an ion-conducting electrolyte. An input fuel, passing over 
the anode, is catalytically oxidized to produce electrons and ions. The electrons go 
through an external circuit to service an electrical load while the ions move through 
the electrolyte towards the cathode where they combine with the oxidant to form the 
reaction products, primarily H2O and CO2 if the fuel is hydrocarbon based.  
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Fuel cells are classified by the types of electrolytes used into: Alkaline fuel cells 
(AFCs), phosphoric acid fuel cells (PAFCs), proton-exchange membrane fuel cells 
(PEMFCs), molten carbonate fuel cells (MCFCs), and solid oxide fuel cells (SOFCs). 
Among these five fuel cell types, PEMFCs are most noted for their low operating 
temperature and quick start-up (Ralph and Hogarth, 2002). They are also the first fuel 
cell type to be used in the Apollo Lunar Missions as on-board power sources (Bockris 
and Srinivasan, 1969). DMFC is a PEMFC variant in which methanol is used as a fuel 
directly (i.e. without chemical reforming). A schematic for the operation of DMFC is 
shown in Figure 2.1. 
  
Figure 2.1 Schematic of DMFC with a solid polymer electrolyte membrane and 
electrodes (Choi, et al., 2004) 
 
Although DMFCs have the advantage of the direct use of a relatively safe fuel (liquid 
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system that runs at elevated temperatures, several operational problems still remain: 1) 
the low electrocatalytic activity of the noble metals and their alloys, even at a high 
metal loading, for the electrooxidation of methanol, and 2) the cross-over of liquid 
methanol from the anode to the cathode, which not only results in the loss of fuel but 
more importantly the loss of efficiency for the oxygen reduction reaction at the 
cathode (Hogarth and Ralph, 2002). Most current research efforts are therefore 
directed at addressing these two major operational issues. 
 
2.1.1 Mechanisms of methanol electrooxidation on pure platinum 
 
The mechanism for methanol electrooxidation can be summarized in terms of two 
basic processes: (a) the dissociation of the C-H bonds in adsorbed methanol molecules, 
and (b) the oxidation of adsorbed residues with oxygen-containing species to form 
CO2. Platinum is a good catalyst known for its C-H bond breaking ability. On a pure 
Pt electrode, these two processes needed for the complete turnover of methanol into 
CO2 would occur in different potential regions.  
 
Process (a) involves the adsorption of methanol molecules, which requires Pt sites 
comprising of several neighboring atoms. Since methanol is unable to directly 
displace adsorbed H atoms from the Pt surface, methanol adsorption can only begin at 
sufficiently positive potentials where the Pt sites are free from adsorbed H atoms (at 
~0.2 V vs. RHE for a polycrystalline Pt electrode). The dissociative chemisorption of 
methanol consists of a number of sequential steps (Hamnett, 1997): 
−+ ++−→+ eHOHCHPtPtOHCH 23                 (2-1) 
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−+ ++−→+− eHCHOHPtPtOHCHPt 22            (2-2) 
−+ ++−→+− eHCOHPtPtCHOHPt 32            (2-3) 
−+ +++−→− eHPtCOPtCOHPt 23            (2-4) 
 
Process (b) requires the dissociation of water to provide the oxygen-containing 
species for the reaction.  On pure Pt electrode, sufficient interaction of water with the 
catalyst surface is only possible at potentials above 0.4 – 0.45 V vs. RHE (Iwasita and 
Xia, 1996; Iwasita, et al., 1997). The reactions of water dissociation and residue 
oxidation  (Hamnett, 1997) are as follows:     
                                                                     
−+ ++−→+ eHOHPtOHPt 2            (2-5)                                                                      
−+ +++→−+− eHCOPtCOPtOHPt 22            (2-6) 
 
Thus on pure Pt, methanol oxidation to CO2 cannot commence below 0.45 V. For the 
potential region 0.45 – 0.7 V vs. RHE, the rate determining step for methanol 
oxidation is the oxidative removal of CO via reaction (2-6) (Christensen, et al., 1993; 
Gasteiger, et al., 1993).  
 
At higher potentials the interaction of water with the Pt surface increases (Iwasita and 
Xia, 1996) and competition of methanol with water for the adsorption sites become 
important (Iwasita et al., 1997). Hence at potentials above 0.7 V vs. RHE, methanol 
adsorption becomes the rate limiting step. The rate of methanol electroxidation 
therefore follows a volcano curve, increases first with potential and then decreases. 
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The potential at which rate is maximum is a complex function of the Pt loading and 
the experimental conditions. 
  
2.1.2 Mechanisms of methanol electrooxidation on Pt-oxophilic metal 
catalysts 
 
Although platinum can activate methanol relatively easily, it does not have a 
sustainable activity because of the rapid deactivation of its active sites by adsorbed 
CO-like reaction intermediates. Several binary and ternary catalysts have therefore 
been proposed as the alternatives to pure Pt. The most notable ‘promoter’ metals 
include Ru (Paulus, et al., 2000), Ni (Lee, et al., 2002; Choi, et al., 2003), Re 
(Anderson, et al., 2004), and Os (Gurau, et al., 1998; Moore, et al., 2003). The 
promoter metal must fulfill the requirement of forming oxygen-containing species at 
lower potentials than that required by Pt, without side effects such as inhibition of 
methanol adsorption (Vielstich, et al., 2003) or inadequate chemical stability for a 
prolonged fuel cell operation. Presently, there is general consensus that PtRu offers 
the best performance for the binary system.  
 
2.1.2.1 Bifunctional catalysis 
 
The promotional effect of oxophilic metal (e.g. Ru) in Pt-catalyzed methanol 
electrooxidation is often rationalized in terms of bifunctional catalysis (Watanabe and 
Motoo, 1975). The term is used to emphasize the collaborative action of the metals in 
catalysis; Pt for methanol adsorption and dissociation; and Ru for the oxidation of 
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adsorbed methanol residues. The mechanism is founded on experimental observations 
that at potentials below 0.4 V, Pt is able to adsorb methanol dissociatively but has no 
activity for water dissociation, while Ru can dissociate water without much 
competition from methanol adsorption. However, the role for each metal may not be 
distinct under other conditions, since it is well known that Pt can dissociate water at 
high potentials and Ru can adsorb methanol at above room temperatures (60-80 oC) 
(Kardash, et al., 2001). In addition, even for conditions where methanol adsorption 
occurs exclusively on Pt, the adsorbed CO is mobile and can migrate to the Ru sites. 
Several adsorbed species in addition to the initially adsorbed ones could be involved 
in the oxidation of methanol on bimetallic PtRu catalysts, namely Pt(CO)ad, Ru(CO)ad, 
Ru(OH)ad, and Pt(OH)ad. A simplified scheme of bifunctional catalysis based on the 
Gasteiger’s formulation is given below (Gasteiger et al., 1993): 
 
The first step invariably involves the adsorption of methanol: 
−+ ++→ eHCOOHCH adsol 44)()(3                                                             (2-7) 
 
where (CO)ad represents an adsorbed CO species either on the Pt sites or Ru sites. 
Both Pt and Ru dissociate water to form adsorbed OH: 
−+ ++→+ eHOHOHRu ad)(2                                                             (2-8) 
−+ ++→+ eHOHOHPt ad)(2                                                             (2-9) 
 
A Langmuir-Hinshelwood type of reaction then ensures between adsorbed CO species 
and adsorbed OH species leading to CO2 formation  
−+ ++→+ eHCOOHCO adad 2)()(                                                           (2-10) 
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For CO adlayers obtained by adsorption of dissolved CO on PtRu, reaction (2-10) has 
been analyzed in terms of all possible combinations of the abovementioned adsorbed 
species (Koper, et al., 1999). It was found that an enhancement effect is only possible 
if the final oxidation step occurs between adsorbed CO on Pt and adsorbed OH on Ru. 
Therefore, reaction (2-10) can be written more specifically as: 
−+ ++→+ eHCOOHRuCOPt adad 2)()(                                                          (2-11) 
 
The experimental results could also be better rationalized by assuming high mobility 
of CO on Pt and Ru surfaces (Koper et al., 1999). This is indeed a necessary condition 
implicit in the Langmuir-Hinshelwood formulation. High CO mobility was detected 
by infrared spectroscopy on Pt(111) surfaces which had been modified by Ru 
deposition only in the central part of the single crystal (Friedrich, et al., 2002). The 
different roles of Pt and Ru sites in bifuntional catalysis have also been elucidated  to 
some degrees by in-situ Fourier-transform infrared (FTIR) spectroscopy for PtRu 
alloys and adsorbed Ru on Pt(111) (Iwasita, et al., 2000).  
 
The possibility that the OH species formed on Ru may “spillover” and “diffuse” onto 
neighboring Pt sites followed by reactions with COad has also been discussed in 
bifunctional catalysis (Davies, et al., 2002). In cases where sulfate anions from the 
H2SO4 electrolyte are strongly adsorbed on the Pt surface to inhibit CO mobility, the 
kinetics of CO oxidation becomes slower and the mobility of OH on Ru would be 
mostly responsible for reaction (2-11) (Davies et al., 2002). The OH spillover from 
the Ru sites to neighboring Pt sites have been confirmed by ab-initio molecular 
dynamics simulation of OH adsorption on a Pt2Ru alloy in the presence of water 
(Desai and Neurock, 2003). The simulation results showed that water can be activated 
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on Pt2Ru alloy at 300 K which is impossible for Pt(111) without an externally applied 
potential. The dissociation of water on the Ru site also induces the coadsorption of 
water at a neighboring Pt site. The -OH intermediate on the Ru site then abstracts a 
proton from the neighboring adsorbed water molecule, transforming the Ru-OH 
intermediate into a Ru-water conjugate and the Pt-/water conjugate into a Pt-OH 
intermediate (Figure 2.2). The whole process therefore has the look of OH species 
diffusing from Ru to Pt. Since OH species could also be formed with co-adsorbed 
H2O on adjacent Ru-only sites (Koper, 2004), it is reasonable to expect the OH 
species on Ru sites away from the Pt-Ru pair sites to also “surface diffuse” to the Ru-
Pt interface to replace the OH which has migrated to Pt. 
 
According to the mechanism of bifunctional catalysis, the Pt-Ru pair sites are the sites 
for adsorbed CO removal, and hence the most active sites for methanol 
electrooxidation (Gasteiger et al., 1993). The existence of Pt-Ru pair sites has been 
deduced from the spontaneous adsorption of Ru on Pt(111) model catalyst (Iwasita et 
al., 2000). As a monolayer of Ru atoms could be formed on the Pt(111) surface at a 
Ru content of 15%, the number of Pt-Ru pair sites should increase with the Ru content 
below this threshold. The experimental results showed an increase in the current 
density of methanol oxidation with the Ru %, thereby qualitatively demonstrating the 
existence of the Pt-Ru pair sites and their contributions to the methanol oxidation 
reaction. Besides experimental evidence, theoretical calculations of water dissociation 
energy on Ru, methanol dissociation energy on Pt, as well as the combined energy of 
Pt(COad)+ Ru(OHad) are also in support of the bifunctional catalysis hypothesis (Kua 
and Goddard, 1999; Ishikawa, et al., 2000; Ishikawa, et al., 2002). 
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Figure 2.2 Snapshots taken from an ab-initio molecular dynamics simulation 
performed at 300 K. (a) shows the initial structure wherein water is adsorbed over the 
Ru sites on the surface. (b) shows the Ru-bound hydroxyl intermediate and the 
solvated proton that form on the dissociation of water. (c)-/(f) indicate the migration 
of the hydroxyl intermediates over the surface from Ru (shown as darker atoms on the 
surface) to Pt (shown as the lighter atoms) sites via proton transfer (Desai and 
Neurock, 2003). 
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Figure 2.3 (a) Schematic representation of sputtered Pt-Ru alloy surfaces with 10 and 
50 atomic % Ru. (b) Geometric arrangement of atoms around a 3-fold methanol 
adsorption site for a hexagonal surface face (face-centered cubic (111) face). (c) 
Probability distribution for the occurrence of a 3-fold Pt site surrounded by exactly 
one Ru atom for different low-index crystal face geometries as a function of the Ru 
surface composition in atomic % (Gasteiger et al., 1993). 
 
Bifunctional catalysis stipulates that a good electrocatalyst for methanol oxidation 
should maximize the number of Pt-Ru pair sites on its surface within the constraint of 
the optimum ensembles for adsorption of various reaction participants (Gasteiger, et 
al., 1994). It has been proved that the adsorption of methanol would require an 
ensemble of three adjacent Pt atoms (Gasteiger et al., 1994). Figure 2.3 shows clearly 
that the number of 3-fold Pt sites available for methanol adsorption is greater on the 
surface of 10 atomic % Ru than 50 atomic % Ru. In the former most of the Pt 
ensembles are adjacent to a Ru atom which supplies the OH species for reaction. The 
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optimal alloy surface composition should maximize both the adsorption of methanol 
through a large number of Pt adsorption sites and the oxidative removal of COad by 
OH on Ru at relatively low electrode potentials. A statistical probability distribution 
function which maximizes the number of 3-fold Pt ensembles adjacent to exactly one 
Ru atom has been proposed as follows (Gasteiger et al., 1993): 
11)1(9 RuRutotP χχ −=                                                                   (2-12)                                                                
where Ruχ  is the atomic faction of Ru on the alloy surface. Accordingly, the resulting 
maximum probabilities of 3-fold Pt sites being adjacent to exactly one Ru atom ( totP ) 
are 8, 10, and 14 atomic % of Ru for fcc Pt (111), Pt (100), and Pt (110) respectively 
as shown in Figure 2.3c. However, for the CO removal reaction, since the adsorption 
of CO is equally facile on Pt-Pt, Ru-Ru and Pt-Ru sites, the optimum surface 
composition should be 50 atomic % of Ru (Gasteiger et al., 1994). 
  
2.1.2.2 Ligand effects  
 
Ligand effects have also been proposed as a contributing factor to the promotional 
effect of Ru addition to Pt (Lu, et al., 2002). Ru is believed to enhance the CO 
tolerance of Pt through a modification of the electronic structure of Pt which causes a 
weaker CO chemisorptive bond to form on the PtRu alloy than on Pt (Hamnett, 1997; 
Liu, et al., 2000). The contribution to the reactivity by electron charge transfer from 
Ru to neighboring Pt atoms has been supported by spectroscopic studies on PtRu 
alloys using X-ray photoelectron spectroscopy (XPS), extended X-ray absorption fine 
structure (EXAFS), electron spin resonance (ESR) and nuclear magnetic resonance 
(NMR) (Goodenough, et al., 1989; Lu et al., 2002). Electrochemical nuclear magnetic 
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resonance (EC-NMR) (Tong, et al., 2002) was also used to provide a direct proof of 
the existence of the ligand effects. The EC-NMR measurements discriminated two 13C 
populations:  Pt/Ru-CO and Pt-CO, and the average Fermi level local densities of 
states (LDOS) of the metal surface before and after chemisorption (including 2pi*-
LDOS) were obtained from the analysis of the spin-lattice relaxation data (Babu, et al., 
2002; Tong et al., 2002). The results, which are reproduced in Figure 2.4, show that 
as the Ru coverage increases, the Pt LDOS decreases, causing discernable reduction 
in 2pi* back-donation and thus a weakening in the CO-Pt bonding. Figure 2.5 shows 
the correlation between the steady-state oxidation current and the LDOS of CO on Pt 
(Babu et al., 2002; Tong et al., 2002). The linear relationship between lnj and 
Ef(LDOS) establishes the direct link between the susceptibility of CO on the Pt sites 
of Pt/Ru to oxidative removal and the degree of electronic charge transfer between Ru 
and Pt: As the back-bonding of CO on Pt decreases, the rate of CO removal on Pt 
increases. 
 
Different theoretical calculations have also confirmed the binding energy changes 
between adsorption on alloys and on pure metals. A formulation based on the  
relativistic density-functional self-consistent field Xα method showed that the 
presence of Ru atoms would weaken the Pt-C bond for all PtnRu10-n clusters and 
slightly lower the CO stretching frequency of adsorbed carbon monoxide (Liao, et al., 
2000). Calculations based on the Perdew-Wang form of generalized gradient 
approximation (GGA) found the Pt-CO bond on the surface of Pt2Ru alloy weakened 
from 1.54 to 1.36 eV with respect to pure Pt; while the Pt-CO bond on the surface of 
Pt-Ru alloys supported on Pt(111) substrate strengthened to 1.58 eV for Pt2Ru and to 
1.71 eV for PtRu2 (Ge, et al., 2001). A periodic density-funcitonal theory study  
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Figure 2.4  The metal surface Ef-LDOS (before CO chemisorption) and the 2pi* Ef-
LDOS at 13C of CO for Pt sites remote from Ru (solid symbols) and Pt/Ru sites (open 
symbols), as a function of Ru coverage. 
                       
Figure 2.5 Correlation between the steady-state methanol oxidation current density (j, 
µA cm-2) and the 2pi* Fermi-level LDOS (Ef-LDOS, in states atom-1 Ry-1) for CO on 
Pt sites at the Pt/Ru nanoparticles surface (Babu et al., 2002).  
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of CO and OH adsorption on Pt, Ru, and PtRu2, Pt2Ru alloys indicated that the mixing 
of Pt by Ru leads to a weaker bonding of both CO and OH to the Pt sites, whereas 
mixing of Ru by Pt causes a stronger bonding  of CO and OH to the Ru sites (Koper, 
et al., 2002). 
 
2.2 Common multi-component methanol oxidation 
electrocatalysts   
 
Many Pt based multi-component catalysts (Pt-M) have been examined for methanol 
oxidation, including chemically or electrochemically produced alloy Pt-M 
nanoparticles, unalloyed nanoparticles, polycrystalline and single crystalline Pt 
surfaces modified by the spontaneous or electrochemical deposition of M, evaporated 
M on Pt, and etc. The review in this section is limited to several nanoscale binary and 
ternary catalysts formed between Pt and prominent promoter metals such as Ru, Ni, 
Re, and Os.  
 
2.2.1 Alloy nanoparticles 
2.2.1.1 PtRu nanoparticles 
 
PtRu nanoparticle catalysts for methanol electrooxidation can be prepared by a wide 
variety of methods such as thermal decomposition, single-source precursor, co-
impregnation, microwave assisted reduction, microemulsion techniques and 
electrochemical co-electrodeposition. Only the most representative literature related 
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to these methods are reviewed in this section. The activities of the catalysts in 
methanol electrooxidation are also included in this survey if they were reported in the 
original literature. 
 
Thermal decomposition: Chu and Gilman (Chu and Gilman, 1996) produced 
unsupported PtRu alloy nanoparticles of various compositions by the thermal 
decomposition of RuCl3 and H2PtCl6 in H2/Ar gas. The performance of these 
bimetallic nanoparticles in methanol electrooxidation was evaluated in sulfuric acid 
over a range of temperatures.  The experimental results showed that pure Ru was 
inactive for methanol oxidation at 25oC, but became active at higher temperatures as 
shown by the shift in the peak current to lower potentials during the anodic scan when 
the temperature was increased. Comparison of activities from different PtRu 
compositions showed the 1:1 atomic ratio of PtRu having the highest activities for 
methanol oxidation at both 25oC and 60oC. The reaction order at 25oC with respect to 
methanol was 0.5 for the 1:1 PtRu catalyst in the concentration range of 0.1 to 2 M 
methanol. 
 
Single-source precursor: Deivaraj and coworkers (Deivaraj and Lee, 2005) prepared 
carbon-supported PtRu nanoparticles by different methods including the simultaneous 
chemical reduction of H2PtCl6 and RuCl3 by NaBH4 at room temperature (PtRu-1), by 
ethanol under reflux (PtRu-2), and by the thermal decomposition of a single-source 
molecular precursor [(bipy)3Ru] (PtCl6) (PtRu-3). Transmission electron microscopy 
(TEM) showed that the mean diameter of the PtRu nanoparticles was the lowest for 
PtRu-1 followed by PtRu-2 and PtRu-3. Measurements of electrocatalytic activities, 
however, revealed a different trend, namely: PtRu-3 > PtRu-1 > PtRu-2. PtRu-3 also 
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displayed the highest tolerance to carbon monoxide. The authors attributed this to the 
formation of a more homogenous alloy nanoparticle system from the thermolysis of 
the single-source molecular precursor. However, the single-source precursor approach 
is noted for its disadvantage of limited composition maneuverability because of the  
constraint imposed by the stoichiometry of the precursor.  
 
Co-impregnation: Co-impregnation was used by Takasu and coworkers (Takasu, et al., 
2003) to prepare a series of Pt50Ru50/C catalysts. Equimolar quantities of the ethanolic 
solutions of Pt(NH)3(NO2)2 and RuNO(NO3)x, were mixed with carbon black with 
different specific surface areas, followed by drying at 60oC and reduction in flowing 
H2/N2 at 450oC for 2 h. CO stripping voltammetry was used for the determinations of 
specific surface areas and catalytic activities. It was found that the extent of PtRu 
alloying as well as the particle size of Pt50Ru50 decreased with the increase in the 
specific surface area of the carbon black support. The specific activities of Pt50Ru50/C 
(30 wt%) in methanol oxidation were found to increase with the increase in the 
specific surface area of the carbon black support.  
 
Microwave-assisted method: Carbon supported PtRu nanoparticles were also obtained 
by Liu and co-workers by a multi-step microwave-assisted polyol process involving 1) 
microwave heating of ethylene glycol solutions of Pt and Ru salts with Vulcan XC-72 
(Liu, et al., 2004b); 2) transfer of the PtRu colloids to toluene by decanthiol, followed 
by the adsorption of the thiolated colloids on Vulcan XC-72 carbon in toluene, and 
thermal treatment to remove the thiol shell on the PtRu nanoparticles (Liu, et al., 
2004c). The electrooxidation of liquid methanol on these catalysts was investigated at 
room temperature by cyclic voltammetry and chronoamperometry. The results 
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showed that the alloy catalyst was catalytically more active than pure Pt prepared by 
the same method.   
 
Microemulsion techniques: The reverse micelle method was used by Liu and 
coworkers (Liu, et al., 2002a) for the preparation of carbon supported PtRu alloy 
nanoparticles. A mixture of reverse micellar solutions was obtained by injecting a 
solution of AOT (surfactant) /NaBH4(aq) /cyclohexane(o) into a solution of AOT 
/H2PtCl6+RuCl3(aq) /cyclohexane(o) at room temperature, followed by the addition of 
pretreated acetylene black, which was used as the catalyst support. Evaluations by 
cyclic voltammetry and galvanostatic polarization in acidified methanol solutions 
showed higher catalytic activities compared to a standard commercial (E-TEK) 
PtRu/C catalyst. In another implementation, Liu and coworkers (Liu, et al., 2002b) 
prepared emulsions and inverse microemulsions using H2PtCl6 / RuCl3 / NaOH as the 
aqueous phase, cyclohexane as the oil phase, poly(oxyethylene)5 nonyl phenol ether 
(NP5) or poly(oxyethylene)9 nonyl phenol ether (NP9) as the surfactant phase. Carbon 
supported catalysts were prepared by titration of the PtRu containing emulsions or 
inverse microemulsions by 10 % aqueous HCHO solution in a mixture of NP5 + NP9 
in cyclohexane in the presence of Vulcan XC-72 carbon. Cyclic voltammetry showed 
higher electrocatalytic activities for the two microemulsion derived catalysts than the 
emulsion-derived electrocatalyst. Zhang and Chan (Zhang, et al., 2003) similarly 
prepared PtRu nanoparticles by mixing two water-in-oil reverse microemulsions: 
H2PtCl6+RuCl3(aq)/Triton X-100 (surfactant) /propanol-2 (cosurfactant) /cyclohexane 
(o) and hydrazine(aq) /Triton X-100 /propanol-2 /cyclohexane(o). The size of the 
PtRu particles was dependent on the precursor concentrations in the aqueous phase. 
At low Pt-Ru precursor concentrations (e.g. 2-20 mM), the particle size was about 2.5 
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nm and appeared to be nucleation-limited; at high Pt-Ru precursor concentrations (e.g. 
40-100 mM) the particle size was about 4.5 nm and appeared to be limited by 
collisions with  hydrazine droplets. The smaller nanoparticles were catalytically more 
active in the room temperature electrooxidation of methanol.  
 
Electrochemical co-deposition: Wei and Chan (Wei and Chan, 2004) electrodeposited 
PtRu from solutions H2PtCl6 in HCl containing different RuCl3 concentrations onto a 
glassy carbon rotating disk electrode coated with a layer of Nafion-bonded carbon 
(Vulcan XC 72R). The paper claimed that electrodeposition had the advantage of 
lowering the catalyst loading. The maximum metal catalyst loading used in the study 
was estimated electrochemically to be less than 77 µg ·cm-2.  Cyclic voltammetry and 
chronoamperommetry showed that the electrode loaded with ~77 µg PtRu cm-2 was 
comparatively better than an electrode loaded with 100 µg Pt cm-2 of commercial E-
TEK Pt/C catalyst. In a different approach, Jiang and coworkers (Jiang and Kucernak, 
2004) prepared mesoporous microspheres of PtRu alloy by the electrochemical co-
reduction of H2PtCl6 and RuCl3 dissolved in the aqueous domains of the liquid 
crystalline phase of an oligoethylene oxide surfactant. Scanning electron micrographs 
revealed that the microspheres had narrow size distribution in the range 0.5-1 µm. The 
mesoporous internal structure of the ordered microspheres as examined by 
transmission electron microscopy revealed periodic pores of ca. 2.4 nm in diameter 
separated by walls of ca. 2.4 nm in thickness. X-ray diffraction showed a higher Ru 
content in the alloy than what is typically found in chemically prepared PtRu catalysts. 
The specific electrochemically active surface area measured by both CO adsorption 
and underpotential deposited Cu stripping techniques was 78-81 m2g-1- much higher 
than that of unsupported precious metal catalysts produced using standard techniques. 
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The authors claimed that the combination of high surface area and the periodic 
nanostructure made their product an interesting prospective fuel cell electrocatalyst, 
and demonstrated the high activity of the electrodeposited mesoporous PtRu in 
methanol electrooxidation. 
 
Pretreatment of commercial PtRu alloys: Sirk and coworkers (Sirk, et al., 2004) 
investigated the effect of PtRu oxidation state on the catalytic activities of PtRu alloys 
in methanol electrooxidation at room temperature. PtRu black from a commercial 
source (Johnson Matthey) was treated with hydrogen or oxygen at high temperatures 
to alter the metal oxidation states in the catalysts. A correlation between metal 
oxidation states and methanol oxidation activity was established through 
thermogravimetric and cyclic voltammetric measurements. The following activity 
sequence was obtained: reduced catalyst > untreated catalyst > oxidized catalyst 
(oxidized by humidified oxygen for 1 h at 100oC) >> strongly oxidized catalyst 
(oxidized by humidified oxygen for 2 h at 200oC). Work of a similar nature was also 
carried out by Wu and coworkers (Wu, et al., 2004) to determine the effect of 
electrochemical polarization of commercial PtRu/C catalysts (Johnson Matthey) on 
methanol electrooxidation. Cyclic voltammetry, current-time response curves, Tafel 
plots, and Nyquist plots from electrochemical impedance spectroscopy all indicated 
that cathodic polarization of PtRu/C in H2SO4 solution at -0.3 V vs. SCE had led to  
significant improvement in methanol oxidation activity, whereas anodic polarization 
at 0.55 V vs. SCE resulted in the passivation of the PtRu/C catalysts. The authors 
suggested that the formation of metallic Pt0Ru0 during cathodic polarization was 
contributory to methanol electrooxidation, whereas the formation of inactive Ru 
oxides during anodic polarization was adversary to the reaction. 
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2.2.1.2 PtNi nanoparticles 
 
co-precipitation: Park and Choi groups (Park, et al., 2002; Choi et al., 2003) reported 
the preparation of Pt/Ru (1:1), Pt/Ni (1:1), and Pt/Ru/Ni (5:4:1) alloy nanoparticles by 
co-precipitation using NaBH4 as the reducing agent. Their chronoamperometric data 
showed that Pt/Ru/Ni (5:4:1) and Pt/Ni (1:1) alloys exhibited higher catalytic 
activities compared to Pt/Ru (1:1) in 2.0 M CH3OH and 0.5 M H2SO4 at a potential of 
0.42 V vs NHE at room temperature. Polarization and power density data from liquid-
feed DMFC single cell test at 70oC showed a somewhat different packing order: 
Pt/Ru/Ni (5:4:1) > Pt/Ru (1:1) > Pt/Ni (1:1). 
 
Microwave-assisted method: Deivaraj and coworkers (Deivaraj, et al., 2003) prepared 
carbon supported PtNi nanoparticles by hydrazine reduction of Pt and Ni precursor 
salts under different conditions, namely by conventional heating (PtNi-1), by 
prolonged reaction at room temperature (PtNi-2) and by microwave assisted reduction 
(PtNi-3). The nanoparticles were characterized by X-ray diffractometry (XRD), X-ray 
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and used 
as electrocatalysts for methanol oxidation reaction. The relative rates of 
electrooxdiation of methanol at room temperature as measured by cyclic voltammetry 
showed the following order: PtNi-3 >  PtNi-2 > PtNi-1. 
 
Electrochemical co-deposition: Lima and coworkers (Lima, et al., 2001) prepared 
binary PtRu and ternary PtRuNi catalysts by electrodepositing the metals from 
solutions of K2PtCl6, K2RuCl5, H2SO4 (with or without NiSO4) into a three 
dimensional polyaniline matrix (PAni). Current-time curves of methanol oxidation at 
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0.4 V and 0.45 V vs. RHE showed higher current density for PtRuNi/PAni than for 
PtRu/PAni. Both of them were however less active than PtRuMo/PAni prepared under 
similar experimental conditions 
 
2.2.1.3 PtRe nanoparticles 
 
Single-source precursor: Anderson and coworkers (Anderson et al., 2004) prepared 
PtRe/Vulcan carbon nanocomposites by the reactive degradation of (CO)3ClRe[µ-2,3-
bis(2-pyridyl)pyrazine]PtCl2/Vulcan carbon composites first by oxidization in air at 
200oC and then by reduction in H2/N2 gas at 650oC for 2h. The nanocomposites had 
total metal loadings of 18 and 40 wt.% in carbon and the metal alloy stoichiometry 
was close to Pt1Re1. TEM, powder XRD and on-particle high-spatial resolution 
energy dispersive spectroscopy (HR-EDS) measurements indicated that Pt and Re 
were present as PtRe alloy nanoparticles with an average diameter less than 7 nm. 
DMFC single cell tests conducted at 90oC revealed that these PtRe/Vulcan carbon 
nanocomposites had lower methanol oxidation catalytic activities than that of 
commercial PtRu (1:1, E-TEK)/Vulcan carbon electrocatalysts with the same total 
metal loading. 
 
Electrochemical co-deposition: Beden and coworkers (Beden, et al., 1981) electro-
codeposited PtRe from hydrochloric solutions of H2PtCl6 and Re2O7. The PtRe 
electrode was not stable for methanol electrooxidation under acidic conditions 
because of Re dissolution in the electrolyte. Cyclic voltammetry had to be carried out 
in a neutral methanol solution. It was found that the presence of Re was to shift the 
anodic polarization curve to more negative potentials (by about 100-200 mV).  
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2.2.1.4 PtOs nanoparticles 
 
Single-source precursor: Moore and coworkers (Moore et al., 2003) obtained Os and 
PtOs/C nanocomposites by thermal treatment of cis-(2,2’-bipyridine)2OsCl2, (η6-
cymene)2Os2Cl4, or [(bpy)2Os(µ-bpm)-PtCl2][CF3SO3]2/Vulcan carbon composites in 
H2/N2. Temperature was ramped from room temperature to 500oC at 15oC/min. The 
performance of these nanocomposites as methanol electrooxidation catalysts was 
evaluated in DMFC single cells. Although the Os/C nanocomposites and the PtOs 
alloy/C nanocomposite showed open circuit potentials indicative of 
thermodynamically favorable methanol oxidation, the kinetics of oxidation was too 
low to be of practical importance. 
 
Huang and coworkers (Huang, et al., 2004) reported the preparation of PtOs/C 
nanoparticle catalysts by H2 reduction of the mixture of Pt-Os carbonyl complex and 
Vulcan XC-72 carbon at 185oC for 2 h. The PtOs nanoparticles had single-phase 
disordered structure; and exhibited significantly enhanced activities for methanol 
electrooxidaiton compared with Pt/C(E-TEK) catalysts, slightly enhanced activities 
compared with PtRu(1:1)/C (E-TEK) catalysts when the potential was above 0.55 V 
vs. RHE. Maximum activity of the PtOs catalysts for methnol oxidation occurred at a 
Pt:Os atomic ratio of 3:1. The enhanced activity was attributed to a combination of 
bifuntional catalysis and ligand effects. 
 
Electrochemical co-deposition: Zhu and Cabrera (Zhu and Cabrera, 2001) 
electrochemically codeposited PtOs on a glassy carbon substrate by scanning the 
electrolyte of K2OsCl6 and K2PtCl6 in H2SO4 between -0.2 - 0.7 V vs. Ag/AgCl (3 M 
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NaCl) for 15 cycles. SEM images revealed that PtOs was deposited as adherent 
microparticles. X-ray fluorescence analysis implicated a bulk composition of Pt81Os19. 
The PtOs electrode showed high catalytic activity for methanol oxidation at potentials 
above 0.2 V vs. Ag/AgCl (3 M NaCl) and a large prepeak appeared at 0.48 V prior to 
the main peak of methanol oxidation on Pt at 0.67 V. The authors claimed that the 
experimental results indicated an improvement over Pt and the enhancement was 
contributed by the more oxophilic behavior of Os. XPS indicated the presence of Os0 
and OsO2 in the applied potential range. The authors further suggested changes in the 
Os valence state might dramatically affect the catalytic behavior. This is because only 
those OH species adsorbed on the Os0 sites between 0.1 and 0.48 V were active for 
the oxidative removal of CO on the Pt sites. At potentials above 0.48 V where higher 
oxidation states of Os (e.g. OsO2) were formed (as indicated by the pre-peak at 
0.48V), there would be a concomitant loss of active OH species on the Os sites and 
consequently a decrease in the methanol oxidation current density. Indeed methanol 
oxidation above 0.5 V would mainly occur on the Pt sites, resulting in the peak at 0.67 
V similar to that on pure Pt.    
 
Kessler and Luna (Kessler and Luna, 2003) used polyaniline (PAni) films on Au 
wires as substrate and electrodeposited different compositions of PtRu, PtOs, PtMo, 
PtRuOs and PtRuMo on the substrate. For the electroxidation of adsorbed CO and 
methanol, PtRu/PAni  and PtRuOs/PAni were the best catalysts among the binary and 
the ternary systems respectively. 
 
2.2.2 Unalloyed nanoparticles 
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Waszcuk and coworkers (Waszczuk, et al., 2001) decorated the surface of Pt black 
nanoparticles (Johnson and Matthey) by the spontaneous deposition of Ru from 
solutions of RuCl3 in HClO4 at open circuit potential. The packing density was up to 
0.65 Ru atom per Pt surface atom. The catalytic activities of the Ru decorated Pt 
nanoparticles as measured by current-time curves exhibited highest current density for 
a Ru packing density around 0.4-0.5. The current density normalized by the real 
surface area was twice the value of the untreated commercial 50:50 Pt/Ru alloy 
catalyst. The authors also indicated that the Ru atoms located at the edge of the 
nanosized Ru islands were significantly more active in water activation relative to the 
Ru on the PtRu pair sites.  
 
Friedrich and coworkers (Friedrich et al., 2002) prepared carbon supported PtRu 
nanoparticles by the standardized sulfito method. In brief, Na6Pt(SO3)4 and 
Na6Ru(SO3)4 were first produced by the reduction of H2PtCl6 and RuCl3 in NaHSO3.  
The mixture of Na6Ru(SO3)4 in H2SO4 was added dropwise to the solution of  
Na6Pt(SO3)4 in H2SO4. Carbon slurry of Vulcan XC-72R dispersed in water was 
slowly added to the mixture, followed by H2(g) bubbling through the solution for 1 h. 
After overnight ageing and overnight drying at 80o, the solid phase was recovered and 
evaluated electrochemically. XRD indicated the solid phase as unalloyed Pt and Ru 
nanoparticles in carbon. Nevertheless, the measured specific mass activity in the 
potential range 0.3 – 1.1 V vs NHE of PtRu(1:1)/C in acidified methanol at 65oC was 
higher than that of the PtRu(1:1)/C catalyst from E-TEK. 
 
Maillard and coworkers (Maillard, et al., 2003) deposited Ru on commercial-grade 
carbon supported Pt nanoparticles (Pt-Vulcan XC72, E-TEK) electrochemically  
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(from a solution of Ru(NO)(NO3)3 in HClO4) and by spontaneous chemical reaction 
(from a solution of RuCl3 in HClO4). The maximum electrocatalytic activities for 
methanol oxidation at room temperature occurred at a lower Ru coverage for 
spontaneous deposition (θRu ~10%) than for electrodeposition (θRu ~20%); while 
higher current densities were obtained in the case of electrodeposited Ru. The authors 
attributed the observations to the presence of non-reducible ruthenium oxides in the 
spontaneous deposit.  The conclusion that effective methanol oxidation catalysts 
could be prepared by Ru deposition on Pt nanoparticles and the formation of PtRu 
alloy was not a prerequisite has been used advantageously in the design of model 
catalysts for this thesis study. 
 
2.2.3 Pt(hkl) electrodes modified with oxophilic-metals by  
spontaneous deposition and electrodeposition 
 
Herrero and coworkers (Herrero, et al., 1993) electrodeposited Ru onto Pt(110) 
electrodes by cycling the Pt electrode in a solution of RuCl3 and HClO4 five times 
between -0.25 V and 0.4 V vs. Ag/AgCl at 50 mV s-1. CO stripping voltammetry in 
acid and cyclic voltammetry in acidified methanol solutions showed that the addition 
of Ru onto the Pt(110) electrode caused remarkable negative shifts in the onset 
potentials for CO stripping with respect to the Pt(110) electrode. However, the current 
density for Ru modified Pt(110) electrode potential at 0.24 V and 0.4 V vs. Ag/AgCl 
was little improved compared to the Pt(110) electrode. Details on how the ruthenium 
coverage on Pt(110) affected the efficiency of methanol oxidation were not given in 
this work. 
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Tremiliosi-Filho and coworkers (Tremiliosi-Filho, et al., 1999) obtained Ru-covered 
Pt single crystal electrodes by spontaneous deposition of Ru onto Pt(111), Pt(110), 
and Pt(100) surfaces from solutions of RuCl3 in HClO4 or Ru(NO)(NO3)3 in H2SO4. 
Electrochemical tests and secondary auger electron spectroscopy both indicated that 
the Ru/Pt(111) electrode was the most effective for methanol oxidation. The 
temperature effects on methanol oxidation were also investigated by the authors: 
several Arrhenius plots for all Pt(hkl)/Ru surfaces were constructed;  the apparent 
activation energies for methanol oxidation were tabulated according to the plots; and a 
conclusion that the electrode surface structure was the controlling factor in these 
activation energies as well as in the Tafel slopes was deduced from the data. 
 
Iwasita and coworkers (Iwasita et al., 2000) prepared Ru modified Pt(111) electrodes 
over a wide range of Ru coverages by spontaneous adsorption of Ru from varied 
RuCl3 concentrations with or without HClO4 and different adsorption times. These 
modified Pt(111) electrodes were compared with Ru evaporation onto Pt(111) 
electrodes in ultra-high vacuum (UHV) and polycrystalline PtRu alloy electrodes 
cleaned in UHV, in order to determine the influence of size and structure of the Ru 
islands in methanol oxidation. The authors reported that the reaction rate of methanol 
on Ru modified Pt(111) electrodes depended on the preparation procedure.  The 
spontaneous adsorbed Ru on Pt(111) displayed higher catalytic activity than Ru UHV 
evaporated on Pt(111) because of the smaller islands formed in the case of 
spontaneously adsorbed Ru.. The activity of PtRu alloys in the range of Ru 
concentration between 10% and 40% was a factor of 10 higher than the activity of the 
modified Pt(111) electrodes. The authors concluded that surface structure and PtRu 
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distributions determined the catalyst behavior. Within the range of Ru:Pt surface 
composition of 10-40 %, the rate of methanol oxidation was controlled by the reaction 
of adsorbed CO with Ru oxide, and was independent of surface composition. 
 
Crown and cowokers (Crown, et al., 2001) spontaneously deposited Ru and Os onto 
the surface of Pt(111) single crystal from the solutions of RuCl3 in HClO4 and OsCl3 
in H2SO4 respectively. The deposition characteristics of Ru and Os islands on Pt(111) 
was imaged by ex-situ scanning tunneling microscopy. It was found that a maximum 
coverage of 0.2 monolayer (ML) Ru was formed on the surface after 120 s of 
exposure to the RuCl3 solution in HClO4; the Ru deposition was homogeneous, 
without preferential deposition on step edges or surface defect sites. On the other hand, 
the spontaneous deposited Os clusters formed preferentially at, though not limited to, 
surface defect sites and step edges. Ru/Pt(111) with 0.20 ML coverage for Ru and 
Os/Pt(111) with 0.15 ML for Os exhibited the highest activities for methanol 
electrooxidation among the various covered Pt(111) surfaces. At potentials more 
negative than 0.4 V vs. RHE, the Ru/Pt(111) surface was more active than the 
Os/Pt(111) surface; while at potentials more positive than 0.4 V the trend was 
reversed.  
 
Bonilla and coworkers (Bonilla, et al., 2005) obtained Ru, Os, RuOs modified 
polycrystalline(pc) Pt electrodes by spontaneous deposition from the chloride 
solutions of the oxophilic metals in sulfuric acid. Three ternary PtRuOs systems were 
prepared by changing the order of spontaneous adsorption. Pt/Ru/Os was prepared by 
first depositing Ru on polycrystalline Pt from a solution of RuCl3 in H2SO4, followed 
by the spontaneous deposition of Os from a solution of OsCl3 in H2SO4; Pt/Os/Ru was 
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prepared by the spontaneous deposition of Os, followed by the spontaneous 
deposition of Ru; Pt/Ru-Os was prepared by the simultaneous deposition of Os and 
Ru from a mixture of OsCl3 and RuCl3 in acid. The inhibition of hydrogen adsorption 
by the foreign adatoms was measured voltammetrically, and used to calculate the 
degrees of surface coverage. For Ru, θ = 0.22 ML ; for Os, θ = 0.20 ML; for RuOs, 
the average value was 0.25 ML. Current transients for methanol oxidation and 
methanol stripping oxidation charges indicated that Pt/Ru and Pt/Os had nearly the 
same electrocatalytic activity. On the other hand, Pt/Ru-Os exhibited the best 
performance among all of the five surfaces evaluated. 
 
2.3 Multi-segment nanorods 
 
Cylindrical metal rods with uniform diameters in the nanometer range can be obtained 
by electrodepositing the target metal into the pores of anodic aluminum oxide (AAO) 
membranes (Foss, et al., 1992). This technique has been successfully applied to the 
preparation of nanostructured metals (Foss et al., 1992; Zhang, et al., 2001; Sander 
and Tan, 2003), semiconductors (Al-Mawlawi, et al., 1994), and magnetic 
nanocomposites (Wang, et al., 1996; Ohgai, et al., 2003). A solution of two or more 
metal ions can be used in conjunction with a varying applied potential, or different 
electrolyte solutions may be used consecutively to obtain multi-segment nanorods. 
The details of which will form the bulk of the short review in this section. The 
resulting multi-segment nanorods have found applications in biology (Salem, et al., 
2003), magnetics(Guo, et al., 2003; Tanase, et al., 2003; Bentley, et al., 2004), optical 
and electronic labeling (Pena, et al., 2002; Reiss, et al., 2002), surface 
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functionalization (Martin, et al., 1999; Bauer, et al., 2003; Birenbaum, et al., 2003), 
and catalysis (Zhang et al., 2003; Paxton, et al., 2004). 
 
2.3.1 Potential change method 
 
The preparation of multi-segment Cu-Ni nanorods in a single sulfate bath using 
potentiostatic control is shown in Figure 2.6 (Guo, et al., 2002).  Porous anodic 
aluminum oxide (AAO) templates with 30 nm pore size were first produced by 
potentiostatically anodizing aluminum plates (0.2 mm in thickness, 99.999% in purity) 
in aqueous solutions of 14 % H2SO4, followed by etching of aluminum in a 20 % HCl 
+ 0.1 mol L-1 CuCl2 mixture, and the dissolution of the barrier layer formed between 
aluminum oxide and the aluminum anode during anodization in 5% H3PO4 . A silver 
film was then evaporated onto one surface of the template to provide a conductive 
contact.  The AAO template with Ag substrate was then used as the working electrode 
to carry out electrodeposition in a single electrolyte bath containing nickel sulfate (2 
mol L-1), copper sulfate (0.02 mol L-1) and boric acid (0.5 mol L-1). The plating 
potential was alternately pulsed between -0.3 V for 30 s to obtain the copper segments, 
and -1.40 V for 10 s to obtain nickel segments. The AAO template was subsequently 
removed in 2 mol L-1 NaOH.  
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Figure 2.6 Schematic illustration for fabricating Cu-Ni-Cu composite nanoparticles: 
(a) porous alumina with Ag backing; (b) electrodeposition of Ni–Cu multistripe 
nanowires; (c) removal of AAO template; (d) sandwich-like composite nanoparticles 
of Cu-Ni-Cu (Guo et al., 2002). 
 
The Ni segments alternated with the nonmagnetic Cu segments were single crystalline 
with a preferred <111> orientation (Guo et al., 2003). Magnetic force microscopy 
revealed that the Ni segments were single magnetic domain and would align in the 
same direction when magnetized in an external field (Guo et al., 2003). Magnetization 
measurements on the multi-segmented Ni-Cu nanowire arrays showed remarkably 
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enhanced coercivity and high saturation magnetization compared to that of bulk 
nickel (Guo et al., 2003). The deposited Ni-Cu nanowires were also used as 
electrocatalysts for the reduction of nitroethane and hydrogen peroxide; the measured 
activities were benchmarked against those of pure Ni nanowire electrode and bulk Ni 
electrode (Zhang et al., 2003). The working electrode was obtained by immobilizing 
AAO with segmented nanowires embedded on a gold substrate, followed by removing 
part of the template in 1 M NaOH. Compared to the Ni-only electrode, the Ni-Cu 
nanowire electrode displayed enhanced current densities in both the reductions of 
nitroethane and hydrogen oxide, despite some positive shifts in the redox peaks of the 
latter reaction.  
 
2.3.2 Electrolyte change method 
 
Multi-segmented nanorods can also be prepared by template electrodeposition from 
different plating solutions (Martin et al., 1999; Reiss et al., 2002). The fabrication of 
multi-segment Au-Pt nanorods (Martin et al., 1999) will be used here as an illustrative 
example (Figure 2.7).  
 
A 200 nm pore diameter Whatman Anopore disk was first deposited with 150 nm of 
evaporated silver on the branched side of the membrane. Since the evaporated silver 
could not completely cover the pores on this side, 1 C of silver was electroplated at a 
current density of 0.55 mA/cm2 onto the evaporated silver. A final silver plating step 
at the same current density was used to ensure there was no leakage of electrolyte on 
the silver film. Au and Pt were deposited from commercially available Au (Techinic 
Orotemp 24) and Pt (Technic TP) plating solutions alternatively at a constant current 
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density of 0.55 mA/cm2 under sonication. After the electroplating of gold and 
platinum was completed, the silver electrode was removed by brief immersion of the 
membrane in 6 M nitric acid, followed by the dissolution of the  alumina membrane in 
0.5 M KOH for 2 h. The resulting Au-Pt-Au rods were repeatedly centrifuged and 
washed with water to remove residues of salts and base 
  
Figure 2.7 Fabrication of multi-segmented Au-Pt nanorods (Martin et al., 1999) . 
 
During the growth of segmented Au-Pt-Au rods, gold plating solution was rinsed out 
of the membrane with Nanopure water under conditions of low cathodic current 
density (0.1 mA/cm2) before the platinum plating solution was introduced. The ionic 
strength of the solution was monitored by measuring the voltage required to pass this 
current. When rinsing was complete, the new plating solution was added, and after 
plating briefly (0.01 C) to form an adhesion layer, the current was increased to 0.55 
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mA/cm2. The plating solution was switched in sequence using a similar rinsing 
procedure until desired numbers of segments were achieved. Since there was a linear 
relationship between rod length and electronic charges, the length of each segment 
could be controlled.  
 
With the same preparation method, multi-segmented Au-M-Au (M = Ag, Cu, Co, Ni, 
Pd, and Pt) (Nicewarner-Pena, et al., 2001; Nicewarner-Pena, et al., 2003), Au-Ag 
(Reiss et al., 2002), metal-CdSe-metal (metal = Au, Ni) (Pena et al., 2002), Pt-Ni-Pt 
(Tanase et al., 2003), Au-Ni (Bauer et al., 2003; Birenbaum et al., 2003; Salem et al., 
2003; Salem, et al., 2004; Chen and Searson, 2005; Salem, et al., 2005), Pt-Au 
(Paxton et al., 2004), Ni-CuSn-Ni (Bentley et al., 2004), Pt/Ni/Au/Ni/Au (Kline, et al., 
2005) nanorods have been fabricated and explored for applications in biology, 
magnetics, optical and electronic labeling, surface functioanlization, and catalysis.  
 
2.4 Macroporous films 
 
Three dimensionally ordered macroporous films can be fabricated using colloidal 
crystals as the template to build an inverse structure of the target material. Many 
techniques e.g. sol–gel chemistry, chemical vapor deposition, ion spraying, laser 
spraying, nanocrystal deposition and sintering, oxide and salt reduction, 
electrodeposition and electroless deposition, have been used. Among these techniques, 
electrodepostion is attractive for its capability of large area replication and complete 
in-filling of thick high-dielectric colloidal crystals with conductive materials (e.g. 
metals, polymers (Sumida, et al., 2000; Bartlett, et al., 2001; Cassagneau and Caruso, 
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2002), and semiconductors (Braun and Wiltzius, 1999; Sumida et al., 2000; Braun and 
Wiltzius, 2001; Bartlett, et al., 2002b; Kavan, et al., 2004)) as shown in Figure 2.8. In 
this section, the generalized procedures for fabricating three dimensionally 
macroporous metal films by electrodeposition into the interstices of self assembled 
colloidal crystal will be reviewed.  
                                
Figure 2.8 Generalized procedure for creating three-dimensionally periodic 
macroporous materials through colloidal templating of electrodeposition. 
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Monodispersed colloids sedimentate onto a conducting substrate, and self-assemble 
into a crystal. The sample may be dried and sintered before electrolyte is added. A 
counter-electrode allows electrodeposition of the desired material (semiconductor, 
polymer and metal) into the interstitial space. In a final step, the electrolyte and the 
templating colloid are removed. In the case of polymeric colloids, this can be done 
either by heat treatment at elevated temperature or dissolution with a solvent. For 
silica colloids, aqueous HF is effective for dissolving the template. (Braun and 
Wiltzius, 2002) 
 
Wijnhoven and coworkers (Wijnhoven, et al., 2000) produced replicas of colloidal 
crystals from silica (radius = 113 nm) and polystyrene (radius = 322 nm). They 
potentiostatically deposited gold into these opals from a HAuCl4 solution. Prior to 
electrodeposition, the silica spheres were sintered through heat treatment at 600oC. 
After the deposition of gold the template was removed by etching the silica with 
aqueous HF. The polystyrene spheres were removed by combustion at 450 oC. SEM 
images showed the spherical voids of the template in the gold replica. In the case of 
the silica template, there was good fidelity between the original colloidal assembly 
and the replica. There were no dimensional changes between the dried, sintered 
colloids and the final replica, although some cracking was observed during the 
original drying and sintering process. This indicates that the electrochemically formed 
gold was dense and structurally robust. 
 
Xu and coworkers (Xu, et al., 2000) described methods to electrodeposit gold and 
nickel into periodic structures made from 300 nm silica spheres. They relied on a 
sintering process for the silica at 120 oC for 2 days, followed by 750 oC for 4 h. The 
electrodeposition was carried out galvanostatically in commercially available nickel 
and gold plating solutions. The silica was again removed using aqueous HF. The final 
thickness of the metal replica was ~100 µm. The spherical ‘floret’-like appearance 
could be due to incomplete filling during electroplating or the malleability of gold, 
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which could lead to some restructuring during drying. Nickel was reported to be more 
robust leading to replicas with greater fidelity. 
 
Luo and coworkers (Luo, et al., 2001) reported good results on Ni and Pt replication 
of colloids. The pore size varied between 90 and 210 nm depending on the size of the 
original polystyrene spheres. They also measured the internal surface area (6.2 m2 g-1 
for Ni and 3.6 m2 g-1 for Pt), and the uniformity of pore size (Ni, 142 ± 7 nm; Pt, 125 
± 5 nm). Since the original spheres were 210 nm in diameters, significant shrinkage 
had occurred in these cases. The film thickness could be adjusted from several 
micrometers to tens of micrometers, with typical growth rates of 100 nm min-1. The 
authors also reported electrodeposition of a SnCo alloy from a commercially available 
SnCo plating bath. Changing the composition of the alloy allowed control over the 
hardness, chemical and optical properties. 
 
Bartlett and coworkers (Bartlett, et al., 2000; Bartlett, et al., 2002a) prepared 
structured macroporous gold, palladium, platinum and cobalt films using polystyrene 
latex sphere templates. The qualities of these films were high and there was no 
shrinkage, which could be attributed to film thickness not exceeding a few spherical 
spheres in height.  
 
Zhukov and coworkers (Zhukov, et al., 2004) reported the preparation of magnetic 
metals Co, Fe, Ni, and alloyed Fe0.5Ni0.5 macroporous films using polystyrene latex 
spheres as templates by electrochemical deposition. The relationship between the 
coercive field in Co structured films with the radius of the spherical pores was studied. 
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Juarez and Lopez (Juarez, et al., 2004) prepared macroporous Zn films by means of 
electrochemical deposition templated on polystyrene spheres grown on indium tin 
oxide and n-doped silicon substrate. Linear sweep cyclic voltammetry and square 
wave potentiostatic electrodeposition were used to infill the templates, leading to 
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CHAPTER 3 
TEMPLATE PREPARATION OF MULTI-




PtRu is currently the most extensively investigated Pt alloy catalyst for the low 
temperature electrooxidation of methanol. (Watanabe, et al., 1987; Anne, et al., 1991; 
Waszczuk, et al., 2001; Lu, et al., 2002; Zhang and Chan, 2003; Sirk, et al., 2004; 
Solla-Gullon, et al., 2004). There is also increasing interest in the PtNi system 
because of its resistance to electrolyte dissolution (Deivaraj, et al., 2003), as well as its 
lower material cost. The catalytic activities of bimetallic Pt-Ni nanoparticles in the 
room temperature electrooxidation of methanol have been measured in a number of 
reports (Lee, et al., 2002; Park, et al., 2002; Choi, et al., 2003; Deivaraj et al., 2003). 
The promotion effect of Ni addition to Pt has been rationalized in terms of the ligand 
effects (Park et al., 2002) and bifuntional catalysis (Deivaraj et al., 2003). In order to 
minimize the contribution from the ligand effects, and to demonstrate unambiguously 
the existence and operation of bifunctional catalysis, different segmented nanorods 
with the same diameter, the same nanorod length and the same total Pt length have 
been fabricated as model catalysts. The multi-segmented Pt-Ni nanorods (Ni-Pt, Ni-
Pt-Ni, Ni-Pt-Ni-Pt, Ni-Pt-Ni-Pt-Ni) were produced by sequential electrodeposition of 
Pt and Ni into the pores of anodic aluminum oxide (AAO) membrane from Pt and Ni 
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plating solutions used consecutively. The nanorods were characterized by field 
emission scanning electronic microscopy (FESEM), X-ray photoelectron 
spectroscopy (XPS) and X-ray diffractometry (XRD). By the template sequential 
electrodeposition method, the length and the composition of each segment could be 
precisely controlled, and the overall rod length and the number and property of the Pt-
Ni interfaces could be easily reproduced. Since there is only physical contact (without 
alloying) between neighboring Pt and Ni segments, the  promotion effect of Ni on the 
catalytic activity of Pt should arise primarily from bifunctional catalysis. This can be 
validated by using segmented nanorods with fixed lengths and total Pt segment 
lengths where the concentration of the Pt-Ni pair sites necessarily increases with the 
number of segments. If the observed difference in catalytic activity for methanol 
electrooxidation can be positively correlated with the concentration of the pair sites, it 
is a direct and unambiguous demonstration of the existence and operation of 
bifunctional catalysis. Furthermore the quantitative relationship established between 
the number of pair sites and the catalytic activity is useful for the comparison of 
different types of pair sites. 
 
3.2 Experimental section 
3.2.1 Materials 
Hydrogen hexachloroplatinate (IV) hydrate (H2PtCl6·H2O) and 5 wt% Nafion 
(EW110) in 20% alcohol/H2O from Aldrich, nickel sulfate hexahydrate (NiSO4·6H2O) 
from Sigma, nickel chloride hexahydrate (NiCl2·6H2O), copper(II) sulfate 
pentahydrate (CuSO4·5H2O), sodium hydroxide (NaOH), perchloric acid (HClO4), 
hydrochloric acid (HCl) and sulfuric acid (H2SO4) from Merck, copper chloride 
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(CuCl2) from Fluka, boric acid (H3BO3) and methanol from Fisher Scientific, were 
used as received without further purification. All glassware was washed with chromic 
acid and distilled water in succession and dried in an oven before use. Alumina 
membranes (Anodisc 47) with 20 nm nominal pore diameters were obtained from 
Whatman (Maidstone, England). The physical vapor deposition of metal made use of 
a JEOL JEE-420 vacuum evaporator equipped with a Maxtek TM-200R thickness 
monitor. Electroplating and cyclic voltammetric measurements were carried out on an 
Autolab PGSTA30 potentiostat/galvanostat controlled by the General Purpose 
Electrochemical System (version 4.6) software. X-ray photoelectron spectroscopic 
(XPS) analysis of the samples was carried out on a VG ESCALAB MKII and the 
narrow scan XPS spectra of Pt 4f and Ni 2p were deconvoluted by XPSPEAK 
(version 4.1). A JEOL JSM-6700F microscope was used to obtain all field emission 
scanning electron microscope (FESEM) images. Powder X-ray diffraction (XRD) 
patterns were recorded by a Shimadzu X-ray diffractometer-6000 using CuKα 
radiation.  
 
3.2.2 Synthesis of nanorods 
 
Alumina membranes (AAO) with 20 nm nominal pores and 60 µm thickness were 
used as the templates. FESEM (15 kV at a working distance of 8 mm) examination of 
the AAO discs showed that the pores were 20 nm in diameters only in the first 1µm of 
the surface. The pores in the membrane interior were fairly uniform, but were about 
200 nm in diameters. FESEM analysis also revealed significant branching of the pores 
near the surface resulting in the appearance of small pores of 20 nm diameters on the 
surface.  
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For the growth of nanorods (Reiss, et al., 2002; Bauer, et al., 2003), 500 nm of Cu 
was first deposited by vacuum evaporation onto one side of the membranes to form 
the working electrode. In order to prevent incomplete coverage of the surface pore 
openings by evaporated copper, and to ensure Pt and Ni electrodeposition to occur 
only in the more uniform internal part of the pores, copper electroplating from 1M 
aqueous solution of CuSO4 was carried out at -0.0222 V vs AgCl (3M KCl) for 400s 
to fill up the uneven section near the pore bottom. Platinum was electroplated from an 
aqueous solution of 0.01 M H2PtCl6 and 0.2M H2SO4 at a constant current density of -
0.44 mA cm-2 and 50 ± 1 oC. Ni electroplating was carried out under a constant 
current density of -4.4mA cm-2 at 50±1oC from a typical Watts bath: NiSO4·6H2O 
(165 g L-1), NiCl2·6H2O (22.5 g L-1), H3BO3 (37 g L-1) and pH (3~4). For the 
preparation of segmented nanorods consisting of alternating sequences of Pt and Ni, 
one metal was plated at a time for a predetermined period of time, followed by rinsing 
the membrane with 18 MΩ ultrapure water and applying a constant current density of 
-0.44 mA cm-2 until the potential was more negative than -4 V. The current density 
was then restored to the value appropriate for the next metal deposition. This process 
was repeated until a predetermined number of segments were met. 
 
After the electrodeposition of nanorods, the copper backing layer was removed by 
immersing the membrane in an aqueous solution of 0.05 M CuCl2 in 3% HCl until the 
sheen of metallic copper completely disappeared. XRD measurements were made 
while the nanorods were still inside the AAO but after the copper layer removal. An 
aqueous solution of 0.5 M NaOH was then used to dissolve the alumina membrane. 
The recovered nanorods were repeatedly centrifuged and washed with distilled water 
and ethanol to remove any residue of bases and salts. The nanorods were then 
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ultrasonically dispersed in ethanol to prepare the samples for FESEM and XPS 
investigations. 
 
3.2.3 Electrochemical measurements 
 
A conventional three-electrode test cell was used for electrochemical measurements. 
The working electrode was a thin layer of Nafion-impregnated catalyst cast on a 
vitreous carbon disk held in a Teflon cylinder. The catalyst layer was obtained in the 
following way: (i) a slurry was first prepared by ultrasonicating a mixture of 0.25 ml 
of ethanol, 5 mg of multisegmented Pt-Ni nanorods, and 0.05 ml of Nafion solution 
for 30 minutes; (ii) 20 µL of the slurry was pipetted and dispensed on the carbon disk 
electrode for 4 times at 5µL each time; (iii) the carbon disk electrode was dried at 70 
oC for 5 mins before each pipetting, and at 70 oC for 1h after complete dispensing. 
The surface area of the vitreous carbon disk was 0.1256 cm2, resulting in a nominal 
catalyst loading of 2.65 mg cm-2. A Pt gauze and a Ag/AgCl (3M KCl) electrode were 
used as the counter and reference electrodes respectively. All potentials are referred to 
the Ag/AgCl (3M KCl) standard. A solution of 0.5 M CH3OH and 0.1 M HClO4 was 
used as the electrolyte for methanol electrooxidation. Stable room temperature cyclic 
voltammograms were recorded after twenty activation cycles at 50mV s-1. 
 
3.3 Results and discussion 
3.3.1 FESEM, XRD, XPS characterizations of nanorods 
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A good control of the growth process is most important to the reproducible 
preparation of monodisperse nanorods. Figure 3.1 shows a histogram of lengths of 
platinum rods prepared using a total charge of 0.08 C, 0.16 C, and 0.32 C respectively 
for a membrane surface area of 0.785 cm2.  The average rod length from FESEM 
measurements is linearly dependent on the charge passed. A knowledge of this linear 
relationship allowed the controlled growth of nanorods of any desired length. The 
polydispersity in lengths was about ± 8 %, and was independent of the rod length. The 
diameters of the rods varied from 150 nm to 190 nm with an average of 170.0 ± 20.0 
nm because of the non-uniformity in membrane pore size distribution. Similar trends 
were observed for pure Ni rods, except that more charge per unit length was needed in  
   































Figure 3.1 Histogram of lengths obtained from FESEM images of Pt nanorods grown 
with (a) 0.08 C; (b) 0.16 C; (c) 0.32 C of charge. The inset shows the linear 
relationship between rod length and the amount of charge passed. 
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this case because of the known low current efficiency of Ni electroplating. Under the 
experimental conditions 1µm of rod would require 0.318 C cm-2 and 1.274 C cm-2 of 
charge density for Pt and Ni depositions respectively. 
 
Figure 3.2 shows the FESEM images of four segmented Pt-Ni nanorods. The Pt and 
Ni segments are clearly distinguishable by brightness differences in the back-scattered 
electron images. The Pt segments are brighter because of the higher atomic number of 
Pt. The lengths of the Pt and Ni segments were controlled to give approximately the 
same total Pt segment length of 530 ± 60 nm (with a- 470 nm; b- 530 nm; c- 590 nm; 
d- 526 nm), and the same overall rod length of 1.6 ± 0.15 µm (with a- 1.47 µm; b- 
1.73 µm; c-1.69 µm; d-1.59 µm). The average diameter of the rods, as stated 
previously, was 170 nm ± 20 nm (with a- 186 nm; b- 170 nm; c-178 nm; d- 154 nm). 
  
The X-ray diffraction patterns of AAO, and AAO embedded with Pt, Ni and Pt-Ni 
nanorods after the removal of the copper backing layer, are shown in Figure 3.3. 
AAO is X-ray amorphous in the range of Bragg angles measured; thereby assuring 
that the diffraction patterns found in nanorod-filled AAO are the signatures of the 
metal(s).  fcc nickel (Chen and Hsieh, 2002) characterized by peaks at 2θ = 44.5o 
(111), 51.8 o (200) and 76.4 o (220);  and fcc platinum (Deivaraj et al., 2003)  
characterized by peaks at 2θ = 39.9 o (111), 46.2 o (200), 67.9 o (220), and 81.0 o (311), 
were found for the pure Pt and pure Ni rods respectively; indicating that the 
electrodeposited metals are highly crystalline. All the diffraction peaks of segmented 
Pt-Ni nanorods could likewise be indexed to the corresponding metals (Pt (111), Ni 
(111), Pt (200), Ni (200), Pt (220), and Ni (220), Pt (311)) without detectable shifts in 
the Bragg angles. 
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Figure 3.2 FESEM images of segmented nanorods. (a) Ni-Pt; (b) Ni-Pt-Ni; (c) Ni-Pt-
Ni-Pt; (d) Ni-Pt-Ni-Pt-Ni 
 
  































Figure 3.3 X-ray diffraction patterns of (a) AAO; (b) two-segment Pt-Ni nanorods 
within AAO; (c) Ni nanorods within AAO; and (d) Pt nanorods within AAO; after the 
removal of the copper backing layer 
 
d
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Samples of the two-segment Pt-Ni nanorods were sent for XPS (X-ray photoelectron 
spectroscopy) analysis. Figure 3.4a shows the Pt 4f region of the spectrum, which 
could be deconvoluted into three pairs of doublets. The most intense doublet (at 71.00 
and 74.33 eV) is the signature of metallic Pt. The second and weaker doublet (at 72.40 
and 75.73 eV), with binding energy (BE) at 1.3 eV higher than Pt (0), could be 
assigned to the Pt (II) oxidation state such as PtO and Pt(OH)2 (Yang, et al., 2003; 
Yang, et al., 2004a). The third doublet, which is the weakest in intensity and at even 
higher BEs (at 74.50 and 77.83 eV), was most likely caused by a small amount of Pt 
(IV) residue on the surface (Liu, et al., 2002b). A comparison of the relative areas of 
integrated intensity of Pt(0), Pt(II), and Pt(IV) showed that the Pt on the surface of the 
Pt-Ni segmented nanorods was predominately metallic  (66 %). 
 
In the segmented Pt-Ni nanorods, the Ni oxidation states shown in Figure 3.4b 
consisted of Ni metal (Ni0), Ni oxide and Ni hydroxides (as NiO and Ni(OH)2). In 
general, the Ni2p3/2 signal shows a complex structure because of multielectron 
excitation (Park et al., 2002; Deivaraj et al., 2003), and  intense satellite signals (at 
861.1 eV and 879.7 eV) are found next to the high binding energy peaks at 855.7 eV 
and 873.2 eV. After taking these shake-up peaks into account, the Ni2p3/2 peak could 
be deconvoluted into three peaks at 852.7, 853.9 and 855.7 eV, which correspond well 
with the Ni0, NiO, and Ni(OH)2 species respectively (Park et al., 2002; Deivaraj et al., 
2003). From the integrated intensities of the deconvoluted Ni XPS signals, it is 
obvious that the Ni0 and Ni(OH)2 were the major Ni species present on the surface of 
the nanorods. (with Ni0 = 22 % and Ni(OH)2 = 75 %)   
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Figure 3.4 X-ray photoelectron spectra of (a) Pt4f and (b) Ni2p in two-segment Pt-Ni 
nanorods 
 
3.3.2 Cyclic voltammetric studies 
 
Figure 3.5 shows the cyclic voltammograms of methanol oxidation on 1.6 µm Ni-Pt, 
Ni-Pt-Ni, Ni-Pt-Ni-Pt, and Ni-Pt-Ni-Pt-Ni nanorods with a total Pt segment length of 
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530 nm; using a solution of 0.1 M HClO4 and 0.5 M CH3OH. The potential was swept 
between 0 and 1.0 V at 50 mV s-1. Table 3.1 lists the forward-scan peak potentials 
and the corresponding peak current for the different segmented nanorods. The peak 
current densities of methanol oxidation in the forward scan for Ni-Pt, Ni-Pt-Ni, Ni-Pt-
Ni-Pt, and Ni-Pt-Ni-Pt-Ni increase with the number of Pt-Ni interfaces in these 
samples.  Only the forward current density was used for evaluating catalytic activity 
because it reflects the rate of CO removal by the bifunctional mechanism (The reverse 
peak current density, on the contrary, relates more to the rate of methanol activation 
on reactivated Pt sites).  
 
Figure 3.5 Cyclic voltammograms of (a) Ni-Pt; (b) Ni-Pt-Ni; (c) Ni-Pt-Ni-Pt; (d) Ni-
Pt-Ni-Pt-Ni in 0.1M HClO4 and 0.5M CH3OH at 50mV s-1 
 


































E(V) vs Ag/AgCl (3M KCl)
d
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Table 3.1 Electrochemical parameters for methanol oxidation on the different 
nanorods 
Sample Forward scan peak 
potential (V) 
Forward scan peak current density 
(i/mA cm-2) 
Ni-Pt 0.601 1.578 
Ni-Pt-Ni 0.662 3.223 
Ni-Pt-Ni-Pt 0.664 4.788 
Ni-Pt-Ni-Pt-Ni 0.702 6.258 
 
As all four Pt-Ni nanorods had almost the same diameter, the same overall length, and 
the same total Pt segment length, the only notable difference between them is the 
number of Pt and Ni interfaces, or subsequently the number of Pt-Ni pair sites. 
Equation 3-1 below may be used to correlate the Pt/Ni interface number with the peak 
current density. 
 
                                                       nBAi ×+=                                                     (3-1) 
 
A and B are constants for a particular series of multi-segment Pt-Ni nanorods (for a 
fixed diameter and the total Pt segment length) reflecting the specific activities of Pt 
and Pt-Ni pairs sites respectively (in this work, A=0.0605, B=1.5605); n is the number 
of Pt-Ni interfaces in the samples; and i is the peak current density of methanol 
electrooxidation in the forward scan.  
 
This linear relationship between the Pt-Ni interface number and catalytic activity (as 
shown by i) could be understood by the classical bifunctional mechanism. Pure 
platinum is easily poisoned by the CO-like intermediates formed during methanol 
activation. Figure 3.6 shows the current density-time plots of pure 530 nm Pt 
nanorods and the different segmented Pt-Ni nanorods in 0.1 M HClO4 and 0.5 M 
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CH3OH at 0.6 V. The current density was normalized by its initial value to indicate 
the fractional decay with time. The current decay was rapid  for pure Pt, decreasing to 
15 % of the initial value in 20 minutes; and 7 % of the initial value in an hour (For the 
Ni-Pt, Ni-Pt-Ni, Ni-Pt-Ni-Pt, Ni-Pt-Ni-Pt-Ni nanorods, 27 %, 52 %, 67 %, and 83 % 
of the initial activities  were retained after 20 minutes; and 16 %, 32 %, 46 %, and 69 
% of the initial activities were retained after 1 hour). Hence for Pt nanorods, 85 % of 
the Pt surface active sites were lost in 20 mins and 93 % was lost after 1 hour.  
    





























Figure 3.6 Current-time plots of (a) Pt; (b) Ni-Pt; (c) Ni-Pt-Ni; (d) Ni-Pt-Ni-Pt; (e) 
Ni-Pt-Ni-Pt-Ni nanorods in 0.1M HClO4 and 0.5M CH3OH polarized at a constant 
potential of 0.6V vs Ag/AgCl (3M KCl) at room temperature 
 
For segmented Pt-Ni nanorods, the Pt/Ni interface is the basis of Pt-Ni pair sites and 
the number of pair sites is directly proportional to the number of interfaces in the 
nanorods. From XPS data, the pair sites consisted principally of metallic Pt and Ni(II), 
where Pt(0) is the primary active site for the C-H bond cleavage in methanol (Park et 
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al., 2002) and Ni(II) is the site providing mobile oxygen species for the oxidation of 
Pt-bonded CO (Choi et al., 2003). The co-operative action between Pt and 
neighboring sites in the removal of adsorbed CO intermediates otherwise held 
tenaciously is shown in Figure 3.7. For the four tested multi-segment nanorods, since 
the total Pt segment length was kept the same, the Pt(0) sites remote from the Pt-Ni 
interface were rapidly poisoned to the same extent. Their contribution to the overall 
activity was small after the 20 activation cycles; as shown by the small value of A in 
equation 3-1. The constant B in the equation is related to the intrinsic specific activity 
of the Pt-Ni pair sites and its significantly higher value than A is evidence of the 
capability of the pair sites to remove the reaction intermediates and to regenerate the 
catalytically active surface. 
 
The use of segmented nanorods with identifiable and adjustable Pt-Ni interfaces 
removes many of the uncertainties in the interpretation of experimental results from 
conventional alloy catalysts (where differences in catalytic activity may arise from 
differences either in the composition or the number of pair sites; neither of them can 
be easily controlled by the preparation conditions). In the multi-segment nanorods, 
since all the interfaces are formed in exactly the same way (sequential deposition), 
there should be no intrinsic chemical difference between them, and the observed 
catalytic activity should be linearly dependent on the number of pair sites. This 
enables a direct proof of the bifunctional mechanism which is not possible in any 
other way. 
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Multisegment Pt-Ni nanorods were prepared by sequential electrodeposition of Pt and 
Ni into nanoporous anodic alumina membranes and characterized by FESEM, XRD, 
and XPS. The overall rod length and the total Pt segment length for the different 
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nanorods were kept at 1.6 µm and 530 nm respectively by controlling the conditions 
used in the galvanostatic electrodeposition. The so-prepared Pt-Ni nanorods were 
used as bimetallic catalysts for the room temperature electro-oxidation of methanol in 
acidic media. Cyclic voltammetry showed the increase in catalytic activity with the 
number of Ni/Pt interfaces, providing the first unambiguous demonstration of the 
existence of bimetallic pair sites and of the bifunctional mechanism in the DMFC 

























TEMPLATE PREPARATION OF MULTI-




The methodology described in Chapter 3 is used here to generate a series of bimetallic 
nanorods with alternating Pt and Ru sequences. The Pt-Ru alloys are admittedly the 
most comprehensively studied methanol electrooxidation catalytic system which is 
assumed to operate by the mechanism of bifunctional catalysis (Watanabe and Motoo, 
1975; Gasteiger, et al., 1994; Paulus, et al., 2000; King, et al., 2003; Zhang and Chan, 
2003; Liu, et al., 2004b). Specifically different segmented PtRu nanorods (Pt-Ru, Pt-
Ru-Pt, Pt-Ru-Pt-Ru, Pt-Ru-Pt-Ru-Pt, Pt-Ru-Pt-Ru-Pt-Ru) were obtained by template 
sequential electrodeposition of Pt and Ru into the pores of anodic aluminum oxide 
(AAO) membranes while keeping the overall rod length and the total Pt segment 
length constant. In that way the concentration of the Pt-Ru pair sites was directly 
proportional to the number of interfaces. The nanorods were characterized by field 
emission scanning electronic microscopy (FESEM), X-ray photoelectron 
spectroscopy (XPS) and X-ray diffractometry (XRD) to confirm the morphology, 
distribution of metals, and surface compositions in particular the metal oxidation 
states. Chronoamperometry was used to compare the catalytic activities of these 





model catalysts at steady state where the contributions from the Pt sites remote from 
the PtRu interfaces were negligible because these sites, which lack an effective 
mechanism for site renewal, would be severely deactivated by COad by that time.  
 
4.2 Experimental section 
4.2.1 Materials 
 
Hydrogen hexachloroplatinate (IV) hydrate (H2PtCl6·H2O), ruthenium(III) nitrosyl 
chloride hydrate (Ru(NO)Cl3) and 5 wt% Nafion (EW110) in 20 % alcohol/H2O from 
Aldrich, copper(II) sulfate pentahydrate (CuSO4·5H2O), sodium hydroxide (NaOH), 
perchloric acid (HClO4), hydrochloric acid (HCl) and sulfuric acid (H2SO4) from 
Merck, copper chloride (CuCl2) from Fluka, sulfamic acid (NH2SO3H) from Avocado 
Research Chemicals, methanol from Fisher Scientific, were used as received without 
further purification. All glassware was washed with chromic acid and distilled water 
in succession and dried in an oven before use. Alumina membranes (Anodisc 47) with 
20 nm nominal pore diameters were purchased from Whatman (Maidstone, England). 
A JEOL JEE-420 vacuum evaporator equipped with a Maxtek TM-200R thickness 
monitor was used for the physical vapor deposition of copper. Electroplating, cyclic 
voltammetric and chronoamperometry measurements were carried out on an Autolab 
PGSTA30 potentiostat/galvanostat using the General Purpose Electrochemical 
System (version 4.6) software. X-ray photoelectron spectroscopic (XPS) analysis of 
the samples made use of a VG ESCALAB MKII and the narrow scan XPS spectra of 
Pt 4f and Ru 3p were deconvoluted by the vendor-supplied XPSPEAK (version 4.1) 





software. A JEOL JSM-6700F microscope was used to obtain all field emission 
scanning electron microscope (FESEM) images. The microscope came with a EDS 
detector which allows elemental analysis to be carried out in-situ. Powder X-ray 
diffraction (XRD) patterns were recorded by a Shimadzu X-ray diffractometer-6000. 
The X-ray tube was operated under 40 kV and 30 mA. A 0.02 mm thickness of Ni 
filter was used as a Kβ filter to provide CuKα radiation. The vertical type goniometer 
worked with divergence slit at 1o, scattering slit at 1o and receiving slit at 0.3 mm. The 
scanning speed was 1o min-1.  The diffractometer was calibrated with standard silicon 
powder 99% (325 mesh) at 2θ=28.44o before the measurements. A low background 
quartz holder was used to contain the nanorod embedded AAO membranes.  
 
4.2.2 Synthesis of nanorods 
 
Alumina membranes (AAO) with 20 nm nominal pores and 60 µm thickness were 
used as the templates. FESEM (15 kV accelerating voltage at a working distance of 
8mm) examination of the AAO discs showed that the pores are 20 nm in diameters 
only in the first 1 µm of the surface. The pores in the membrane interior are much 
larger, measuring about 200 nm in diameters, but are otherwise fairly uniformly 
distributed. FESEM analysis also revealed significant branching of the pores near the 
surface resulting in the appearance of small pores of 20 nm diameters on the surface.  
 
For the growth of nanorods (Bauer, et al., 2003; Birenbaum, et al., 2003), 500 nm of 
Cu was first deposited by vacuum evaporation onto one side of the membranes to 
form the working electrode. In order to prevent incomplete coverage of the surface 





pore openings by evaporated copper, and to ensure Pt and Ru electrodeposition to 
occur only in the more uniform interior part of the pores, copper electroplating from 1 
M aqueous solution of CuSO4 was carried out at a current density of -28.3 mA cm-2 
for 400 s to fill up the uneven section near the pore bottoms. Platinum was 
electroplated from an aqueous solution of 0.01 M H2PtCl6 and 0.2 M H2SO4 at a 
constant current density of -0.44 mA cm-2 and 50 ± 1 oC. Ru was electroplated from 
an aqueous solution of 3.5 g l-1 Ru(NO)Cl3 and 10g l-1 NH2SO3H at a constant current 
density of -15 mA cm-2 and 50 ± 1 oC. For the preparation of segmented nanorods 
consisting of alternating Pt and Ru sequences, one metal was plated at a time for a 
predetermined period of time, followed by rinsing the membrane with 18 MΩ 
ultrapure water and applying a constant current density of -0.44 mA cm-2 until the 
potential was more negative than -4 V. The current density was then restored to the 
value appropriate for the next metal deposition. This process was repeated until a 
predetermined number of segments were reached. 
 
After the electrodeposition of nanorods, the copper backing layer was removed by 
immersing the membrane in an aqueous solution of 0.05 M CuCl2 in 3 % HCl until 
the sheen of metallic copper completely disappeared. XRD measurements were 
carried out after the copper layer removal, but with the nanorods still inside the AAO. 
An aqueous solution of 0.5 M NaOH was then used to dissolve the alumina 
membrane. The recovered nanorods were repeatedly centrifuged and washed with 
distilled water and ethanol to remove residues of the base and salts. The nanorods 
were then ultrasonically dispersed in ethanol to prepare the samples for FESEM and 
XPS investigations. 





4.2.3 Electrochemical measurements 
 
A conventional three-electrode test cell was used for the electrochemical 
measurements. The working electrode was a thin layer of Nafion-impregnated catalyst 
cast on a vitreous carbon disk in a Teflon holder. The catalyst layer was obtained in 
the following way: (i) a slurry was first prepared by ultrasonicating a mixture of 0.25 
ml of ethanol, 5 mg of catalysts (multi-segment Pt-Ru nanorods with 300 nm of Ru 
and 900 nm of Pt, and pure 900 nm Pt nanorods), and 0.05ml of Nafion solution for 
30 minutes; (ii) 20 µL of the Pt-Ru slurry was pipetted and dispersed on the carbon 
disk electrode four times at 5 µL each time (for the preparation of the Pt catalyst with 
the same Pt loading as Pt-Ru catalysts, it was 17.1µL of Pt slurry pipetted thrice at 5.7 
µL each time); (iii) the carbon disk electrode was dried by a 150 W infrared heat lamp 
for 5 mins before each pipetting, and at 70 oC for 1h after complete dispersing. The 
surface area of the vitreous carbon disk was 0.1256 cm2, resulting in a nominal 
catalyst loading of 2.27 mgPt cm-2. A Pt gauze and a Ag/AgCl (3M KCl) electrode 
were used as the counter and the reference electrodes respectively. All potentials are 
referred to the Ag/AgCl (3 M KCl) standard. All electrolyte solutions were deaerated 
by high purity nitrogen for 30 mins prior to the measurements. For the measurement 
of hydrogen electrosorption curves, potential was swept between -0.16 V and 0.45 V 
for PtRu nanorods, -0.16 V and 1.0 V for Pt nanorods at 20 mV s-1 in a N2-purged 
solution of 0.1 M HClO4. Current-time curves were recorded at 0.4 V vs Ag/AgCl (3 
M KCl) for 3600 s in a solution of 0.5 M CH3OH and 0.1 M HClO4 at room 
temperature.  
 





4.3 Results and discussion 
4.3.1 FESEM, XRD, XPS characterizations of nanorods 
 
Good control over the growth process is important for the consistent production of 
monodisperse nanorods. Figure 4.1 shows a histogram of lengths of platinum rods 
prepared using a total charge of 0.08 C, 0.16 C, and 0.32 C respectively for a 
membrane surface area of 0.785 cm2. The average rod length from FESEM   































Figure 4.1 Histogram of lengths obtained from FESEM images of Pt nanorods grown 
with (a) 0.08C; (b) 0.16C; (c) 0.32C of charge. The inset shows the linear relationship 
between rod length and the amount of charge passed. 
 
measurements is linearly dependent on the charge passed. A knowledge of this linear 
relationship allowed us to control the growth of nanorods to any desired length. The 
polydispersity in lengths is about ± 8 %, and is independent of the rod length. The 





diameters of the rods vary from 174 nm to 226 nm with an average of 200.0 ± 26.0 
nm because of the preexisting non-uniformity in membrane pore size distribution. 
Similar trends were also obtained for pure Ru rods, except that more charge per unit 
length was needed in this case because of the known low current efficiency of Ru 
electroplating. Under the experimental conditions 1µm of rod would require 0.318 C 
cm-2 and 13.81 C cm-2 of charge density for Pt and Ru depositions respectively. 
 
Figure 4.2 and Figure 4.3 show the FESEM images of five differently segmented Pt-
Ru nanorods. The Pt and Ru segments are clearly distinguishable by brightness 
differences in the back-scattered electron images. The Pt segment is brighter because 
of the higher atomic number of Pt. The length of the Pt and Ru segments were 
controlled to give approximately the same total Pt segment length of 900 ± 80 nm 
(950 nm for Pt-Ru; 980 nm for Pt-Ru-Pt; 840 nm for Pt-Ru-Pt-Ru; 900 nm for Pt-Ru-
Pt-Ru-Pt; 830 nm for Pt-Ru-Pt-Ru-Pt-Ru), and the same overall rod length of 1.2 ± 
0.1µm (1.2 µm for Pt-Ru; 1.15 µm for Pt-Ru-Pt; 1.1 µm for Pt-Ru-Pt-Ru; 1.3 µm for 
Pt-Ru-Pt-Ru-Pt; 1.25 µm for Pt-Ru-Pt-Ru-Pt-Ru). The average diameter of the rods, 
as stated previously, is 200 ± 26 nm (226 nm for Pt-Ru; 220 nm for Pt-Ru-Pt; 200 nm 
for Pt-Ru-Pt-Ru; 174 nm for Pt-Ru-Pt-Ru-Pt; 180 nm for Pt-Ru-Pt-Ru-Pt-Ru). Energy 
dispersive spectrometry (EDS) was used to map the elemental distribution in a typical 
Pt-Ru-Pt nanorod to further confirm the locations of the Pt and Ru segments. 
 
      
 





                           
                           









                           
Figure 4.2 FESEM images of segment nanorods. (a)Pt-Ru; (b) Pt-Ru-Pt-Ru; (c) Pt-
Ru-Pt-Ru-Pt; (d) Pt-Ru-Pt-Ru-Pt-Ru. 
 
                            









                            
                            
Figure 4.3 FESEM images and EDS mapped images of segmented Pt-Ru-Pt nanorods. 
(a) FESEM image; (b) overlay of Pt and Ru distributions; (c) locations of the Pt 
elements; (d) locations of the Ru element. 
 
The X-ray diffraction patterns of AAO, and AAO embedded with Pt, Ru and Pt-Ru-Pt 
nanorods after the removal of the copper backing layer, are shown in Figure 4.4. 
AAO is X-ray amorphous in the range of Bragg angles measured; thereby assuring 
that the diffraction patterns found in nanorod-filled AAO are the signatures of the 
metal(s).  Hexagonal close-packed (hcp) ruthenium (Urashima, et al., 1974) 
characterized by two intense diffraction peaks at 2θ = 37.7o (100), 43.4 o (101) and 
three weaker peaks at 2θ = 57.9 o (102), 2θ = 68.1 o (110), 2θ = 78.0 o (103);  and face-
c
d





centered cubic (fcc) platinum (Deivaraj, et al., 2003), characterized by peaks at 2θ = 
39.9 o (111), 46.2 o (200), 67.9 o (220), and 81.1 o (311), were found for pure Ru and 
pure Pt rods respectively; indicating that the electrodeposited metals are highly 
crystalline. All diffraction peaks of the segmented Pt-Ru-Pt nanorods could likewise 
be indexed to the corresponding metals (Ru (100), Pt (111), Ru (101), Pt (200), Ru 
(102), Pt (220), and Pt (311)) without detectable shifts in the Bragg angles. This is 
evidence that there is no alloying between Pt and Ru in the segmented nanorods, a 
result clearly expected from conducting stepwise, rather than concurrent, 
electrodeposition steps. 
   
 




















Figure 4.4 X-ray diffraction patterns of (a) Pt nanorods within AAO; (b) Ru nanorods 
within AAO; (c) three-segment Pt-Ru-Pt nanorods within AAO after the removal of 
the copper backing layer; and (d) AAO. 
 





X-ray photoelectron spectroscopy (XPS) spectra of the three-segment Pt-Ru-Pt 
nanorods are shown in Figure 4.5. Figure 4.5a shows the Pt 4f region of the spectrum, 
which could be deconvoluted into three pairs of doublets. The most intense doublet (at 
71.08 and 74.38 eV) is the signature of metallic Pt. The second and weaker doublet (at 
72.45 and 75.75 eV), with binding energy (BE) at 1.37 eV higher than Pt (0), could be 
assigned to the Pt (II) oxidation state such as PtO and Pt(OH)2 (Liu et al., 2004b). The 
third doublet, which is the weakest in intensity and at even higher BEs (at 74.28 and 
77.58 eV), was most likely caused by a small amount of Pt (IV) residue on the surface 
(Liu et al., 2004b). A comparison of the relative areas of integrated intensity of Pt(0), 
Pt(II), and Pt(IV) shows that Pt on the surface of the Pt-Ru-Pt segmented nanorods is 
predominately metallic  (67 % among the Pt segments).   
 
In the segmented Pt-Ru-Pt nanorods, the overlap of the Ru 3d3/2 peak with the C1s 
peak interferes with the unambiguous determination of the Ru content on the nanorod 
surface, and the Ru 3p3/2 signal had to be used instead (Figure 4.5b). The Ru 3p3/2 
XPS signal could be deconvoluted into two peaks of different intensities at 461.8 and 
465.1 eV respectively. According to current literature, the peak at 461.8 eV 
corresponds to Ru in the elemental form, while the peak at 465.1 eV corresponds to 
higher oxidation states of Ru such as Ru(VI) in RuO3 (Arico, et al., 1996; Zhang and 
Chan, 2003; Diaz-Morales, et al., 2004). The presence of Ru oxides on the nanorod 
surface is not surprising (Yang, et al., 2004b), since Ru on the nanoscale is easily 
oxidized in air. From the integrated intensities of the deconvoluted Ru XPS signals, it 
is obvious that Ru0 is the major species present on the surface of the nanorods (87 % 
among the Ru segments). 





              
 















              
 























4.3.2 Electrochemical studies 
 
The AAO templates were removed by immersion in 0.5 M NaOH. The nanorods 
released from AAO were repeatedly centrifuged to wash away residues of the base 
and salts. A catalyst ink made up of the nanorods in an ethanol solution of Nafion was 
then cast onto a glassy carbon electrode and measured electrochemically. Figure 4.6 
shows the steady-state cyclic voltammograms of Pt and Pt-Ru-Pt nanorods of the 
same Pt loading and Pt overall length in N2-purged 0.1 M HClO4 at 25 oC after twenty 
activation cycles. In order to minimize the effect of double-layer charging to the total 
current and to obtain quasi-steady-state experimental results, a relatively slow scan 
rate of 20 mV s-1 was selected. Due to the preferential dissolution of Ru in Pt-Ru 
alloys (Chu and Gilman, 1996), potentials were swept only between -0.16 V and 0.45 
V vs Ag/AgCl (3 M KCl) for the Pt-Ru-Pt nanorod; but between -0.16 V and 1.0 V vs 
Ag/AgCl (3 M KCl) for the pure Pt nanorod. Figure 4.6b is typical of an active Pt 
electrode in acidic electrolytes, where peaks for hydrogen adsorption and desorption 
(-0.16 V≤ E ≤ 0.1 V), the double-layer potential plateau, and peaks for the formation 
and reduction of Pt surface oxides (0.25 V≤ E ≤ 1.0 V) are well defined. Compared to 
pure Pt, the voltammograms of Pt-Ru feature more capacitive components between 0 
V and 0.45 V typical of the response of Ru electrodes in acid electrolytes (Chu and 
Gilman, 1996). Figure 4.6a is a representative voltammogram of a Pt-Ru-Pt nanorod 
in the double layer region, where the increase of current above 0.05 V is due to the 
dissociation of water to form oxygen-containing species. The corresponding process 
on Pt would only occur above 0.25 V and is significant only at 0.6 V (vs Ag/AgCl) 
and higher (Chu and Gilman, 1996). It is generally believed that the more facile 





dissociation of water on Ru is complementary to the methanol activation on Pt, and 
accounts for the increased and more sustainable methanol oxidation on Pt-Ru 
catalysts. 
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Figure 4.6 Cyclic voltammograms of (a) Pt-Ru-Pt nanorods; (b) Pt nanorods; with the 
same Pt loading and Pt total length in N2-purged 0.1 M HClO4 at 25oC, scan rate: 20 
mV s-1. 
 
Figure 4.7 shows the current-time plots of Pt, Pt-Ru, Pt-Ru-Pt, Pt-Ru-Pt-Ru, Pt-Ru-
Pt-Ru-Pt and Pt-Ru-Pt-Ru-Pt-Ru nanorods with a total Pt segment length of 900n m 
and Pt loading of 2.27 mg cm-2. Measurements were carried out at room temperature 





in a mixture of 0.1 M HClO4 and 0.5M CH3OH polarized at 0.4 V. After 3600 s of 
polarization, the current density for Pt was reduced to 0.00647 mA cm-2, while the 
current densities of Pt-Ru, Pt-Ru-Pt, Pt-Ru-Pt-Ru, Pt-Ru-Pt-Ru-Pt and Pt-Ru-Pt-Ru-
Pt-Ru were 0.266, 0.499, 0.769, 1.043, and 1.266 mA cm-2 respectively. All current 
densities except for the case of Pt-Ru-Pt were close to their steady state values.  
 
 




















































Figure 4.7 Current-time plots of (a) Pt; (b) Pt-Ru; (c) Pt-Ru-Pt; (d) Pt-Ru-Pt-Ru; (e) 
Pt-Ru-Pt-Ru-Pt; (f) Pt-Ru-Pt-Ru-Pt-Ru nanorods in 0.1 M HClO4 and 0.5 M CH3OH 
polarized at a constant potential of 0.4 V vs Ag/AgCl (3 M KCl) at room temperature. 
The inset shows the linear relationship between current density after 3600 s and the 
number of nanorod interfaces. 
 
As all five Pt-Ru nanorods have almost the same diameter, the same overall length, 
and the same total Pt segment length, the only notable difference between them is in 





the number of Pt and Ru interfaces, which affects the number of Pt-Ru pair sites. 
Equation 4-1 may then be used to correlate the Pt/Ru interface number with the steady 
state current density (after polarization for 3600 s).  
 
                           nBAi ×+=                                                                               (4-1) 
 
Where A and B are parameters indicative of the specific activities of Pt and Pt-Ru 
pairs sites respectively and are constants for multi-segment Pt-Ru nanorods with the 
same diameters and total Pt segment lengths. (A = 0.0056, B = 0.2554 in this work); n 
is the number of Pt-Ru interfaces in the nanorods; and i is the steady state current 
density of methanol electrooxidation at 0.4 V after 3600 s of polarization. This linear 
relationship between the Pt-Ru interface number and catalytic activity (shown by i) as 
shown by Figure 4.7 inset could be understood by the classical bifunctional 
mechanism. Pure platinum is easily passivated by the CO-like intermediates formed 
during methanol activation. This is shown in curve (a) where the current density of Pt 
decreases from 0.3 mA cm-2 to 0.00647 mA cm-2 after 3600 s of polarization. For 
segmented Pt-Ru nanorods, the Pt/Ru interface is the source of Pt-Ru pair sites and 
the number of pair sites is directly proportional to the number of interfaces in the 
nanorods. From XPS data, the pair sites consist principally of metallic Pt and Ru, 
where Pt(0) is the primary active site for C-H bond cleavage in methanol and Ru(0) is 
the site providing oxygen-containing species for the oxidation of Pt-bonded CO (Park, 
et al., 2002). For the five tested multi-segment nanorods with the same total Pt 
segment length, the Pt(0) sites remote from the Pt-Ru interface are rapidly deactivated 
to the same extent. Their contribution to the overall activity is negligible after 3600 s 





of polarization; as confirmed by the small A value in equation 4-1. Constant B in the 
equation is related to the intrinsic specific activity of the Pt-Ru pair sites and its 
significantly higher value than A is evidence of the capability of the pair sites to 
remove the reaction intermediates and to regenerate the catalytically active surface. 
This result is consistent with Iwasita’s conclusion (Iwasita, et al., 2000) that the 
reaction between adsorbed CO and adsorbed -OH is the most probable rate-
determining step at this applied potential. 
 
The use of segmented nanorods with identifiable and adjustable Pt-Ru interfaces 
removes many of the uncertainties in the interpretation of experimental results from 
conventional alloy catalysts (where differences in catalytic activity may arise from 
differences either in the composition or the number of pair sites; neither of them can 
be easily controlled by the preparation conditions). In the multi-segment nanorods, 
since all the interfaces are formed in exactly the same way (sequential deposition), 
there should be no intrinsic chemical difference between them, and the observed 
catalytic activity should be linearly dependent on the number of pair sites. This 
enables a direct demonstration of the bifunctional mechanism which is not possible in 




In this chapter, Multi-segment Pt-Ru nanorods were prepared by sequential 
electrodepositon of Pt and Ru into nanoporous anodic alumina membranes, and 





characterized by FESEM, XRD and XPS. The overall rod length and the total Pt 
segment length were kept at 1.2µm and 900nm respectively by controlling the 
conditions used in galvanostatic electrodeposition. The so-prepared Pt-Ru nanorods 
were used as bimetallic catalysts for the room temperature electro-oxidation of 
methanol under acidic conditions. Chronoamperometry showed an increase in 
catalytic activity with the number of Pt/Ru interfaces, providing an unambiguous 
demonstration of the existence of bimetallic pair sites and of the bifunctional 
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CHAPTER 5 
TEMPLATE PREPARATION OF FIVE-SEGMENT 




While the comparison of activities between the PtRu and PtNi systems has not lead to 
an unanimous conclusion (Park, et al., 2002; Choi, et al., 2003), the improved 
catalytic performance of the PtRu and PtNi catalysts over Pt-only catalysts is 
undisputed. On the other hand, there is the possibility of furthering the performance of 
PtRu through synergistic interactions resulting from the addition of a third metal, such 
as Ni (Park et al., 2002; Choi et al., 2003). In this chapter, five-segment Pt-Ru, Pt-Ni, 
and Pt-RuNi (codeposited) nanorods with nearly the same overall rod length and the 
same total Pt segment length were obtained by the template sequential 
electrodeposition method. The activities of the multi-segment nanorods so prepared in 
room temperature methanol oxidation were evaluated by cyclic voltammetry and 
chronoamperometry. The observed differences in catalyst activities can be 
unambiguously attributed to differences in compositions of metallic pair sites. This 
enables a direct comparison of the intrinsic activities of the PtRu, PtNi, and Pt-RuNi 
(codeposited) pair sites without the interference from factors such as particle size, 
surface enrichment effect, and inhomogeneity in catalyst composition.  
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5.2 Experimental section 
5.2.1 Synthesis of nanorods 
 
Anodisc 47 from Whatman (Maidstone, England), an anodic aluminum oxide 
membrane (AAO) with 20 nm nominal pore diameter and 60 µm thickness was used 
to template the electrodeposition of metal nanorods. Field emission scanning electron 
microscopy (FESEM) of the AAO disks on a JEOL JSM-6700F showed the pores 
within the first 1 µm of the surface to be non-uniform, with pore diameters varying 
widely between 20 nm and 200 nm. The pores in the membrane interior were more 
uniform but were about 200 nm in diameters, instead of 20 nm as claimed by the 
manufacturer.  For the growth of nanorods, 500 nm of Cu film was first vapor 
deposited (JEE-420 vacuum evaporator, using 0.125 mm diameter Cu wires from 
Lesker as the source) on one side of the membrane to form the working electrode 
(Bauer, et al., 2003; Birenbaum, et al., 2003). In order to prevent incomplete coverage 
of the surface pore openings by the evaporated copper, and to ensure Pt, Ni and Ru 
electrodepositions to occur only in the more uniform interior part of the pores, copper 
electrodeposition from 1 M aqueous solution of CuSO4·5H2O (Merck) was carried out 
at a current density of -28.3 mA cm-2 for 400 s to fill up the uneven section near the 
pore bottoms. The electrodeposition of metals, cyclic voltammetry and 
chronoamperometry were carried out on an Autolab PGSTA30 
potentiostat/galvanostat using the General Purpose Electrochemical System software 
(version 4.6).  
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Platinum was electrodeposited from an aqueous solution of 0.01 M H2PtCl6 (Aldrich) 
and 0.2 M H2SO4 (Merck) at a constant current density of -0.44 mA cm-2 and 50 ± 1 
oC.  Based on the previously reported linear relationship between average rod length 
and deposition charge (Liu, et al., 2004a), 1 µm of rod would require 0.318 C cm-2 of 
charge for platinum deposition, and any length of the Pt rod could be obtained by 
controlling the quantity of charge passed. Nickel electrodeposition was carried out at 
50 ± 1 oC, pH = 3 ~ 5, -0.87 V vs Ag/AgCl (3M KCl) from a mixture of 300 g L-1 
NiSO4· 6H2O (Sigma) and 40 g L-1 H3BO3 (Fisher Scientific) in water. The 
deposition time for each nickel segment was 60 s. Ru segments were deposited from a 
solution of 3.5 g L-1 Ru(NO)Cl3 (Aldrich) and 10 g L-1 NH2SO3H (Avocado Research 
Chemicals) at -0.6 V vs Ag/AgCl (3M KCl) and 50 ± 1 oC for 240 s. For the 
deposition of the RuNi segments, an aqueous solution containing 30 g L-1 
NiSO4·6H2O, 4.0 g L-1 H3BO3, 3.15 g L-1 Ru(NO)Cl3, and 9.0 g L-1 NH2SO3H was 
used. Deposition was carried out at 50 ± 1 oC; pH=3~5, and -0.87 V vs Ag/AgCl (3M 
KCl) for 300 s. For the preparation of segmented nanorods consisting of alternating 
sequences of Pt and the oxophilic metal(s) (Ni, Ru, or RuNi), one metal was plated at 
a time, followed by rinsing the membrane with 18 MΩ ultrapure water and applying a 
constant current density of -0.44 mA cm-2 until the potential was more negative than -
4.0 V. The current density or voltage was then restored to the value appropriate for 
the next metal(s) deposition. This process was repeated four times to form the five-
segment Pt-(oxophilic metal) nanorods. 
 
After electrodeposition of the nanorods, the copper backing layer was removed by 
exposing the AAO membrane to an aqueous 0.05 M CuCl2 (Fisher Scientific) solution 
in 3% HCl (Merck) for 20 mins. A Shimadzu X-ray diffractometer-6000 using CuKα 
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radiation at 40 kV and 30 mA was used to measure the X-ray diffraction (XRD) 
patterns of the nanorods while they were still inside of the AAO membranes but after 
the removal of the copper layer. An aqueous solution of 0.5 M NaOH (Merck) was 
then used to dissolve the alumina membrane. The recovered nanorods were repeatedly 
centrifuged and washed with distilled water and ethanol to remove residues of base 
and salt. The nanorods were ultrasonically dispersed in ethanol to prepare samples for 
XPS, FESEM, and EDX examinations. X-ray photoelectron spectroscopic (XPS) 
analysis of the samples was carried out on a VG ESCALAB MKII, and the narrow 
scan XPS spectra of Pt 4f, Ni 2p and Ru3p in different nanorods were deconvoluted 
by the XPSPEAK (version 4.1) software. The morphology of the nanorods was 
examined by FESEM on a JEOL JSM-6700F. The metal contents in the nanorods 
were determined in-situ by the energy-dispersive X-ray (EDX) detector of a scanning 
electron microscope (JEOL JSM-5600LV). 
 
5.2.2 Electrochemical measurement 
 
Electrochemical measurements were carried out in a conventional three-electrode test 
cell. A thin layer of Nafion-impregnated catalyst cast on a vitreous carbon disk was 
used as the working electrode. To obtain the catalyst layer, a slurry was first prepared 
by ultrasonicating 0.25 mL of ethanol, 5 mg of nanorods, and 0.15 mL Nafion 
solution (Aldrich) for 1 h. A calculated volume of the slurry to produce a nominal 
catalyst loading of 1.69 mgPt cm-2 was dispensed in four installments onto a 0.1256 
cm2 carbon disk electrode (20 µL for Pt-RuNi-Pt-RuNi-Pt, 19.6 µL for Pt-Ru-Pt-Ru-
Pt, 19.1 µL for Pt-Ni-Pt-Ni-Pt, 17 µL for pure Pt). The carbon disk electrode was 
dried by a 150 W infrared heat lamp for 5 mins between each dispensing, and at 70 oC 
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for 1 h after all the slurry had been added to evaporate the solvent. A Pt gauze and a 
Ag/AgCl (3 M KCl) electrode were used as the counter and reference electrodes 
respectively. All potentials were referred to the Ag/AgCl (3 M KCl) standard. Before 
methanol electrooxidation, the working electrode was cathodically polarized at -0.8 V 
for 300 s in 0.1 M HClO4 (Fluka) to reduce the metal oxides on the catalyst surface to 
their respective metals (Wu, et al., 2004). A solution of 0.5 M CH3OH (Fisher 
Scientific) and 0.1 M HClO4 was the electrolyte for methanol electrooxidation, and 
was deaerated by high purity nitrogen for 30 mins prior to any measurement. Room 
temperature cyclic voltammograms were recorded between -0.16 V and 0.45 V, and 
between -0.16 V and 1.0 V respectively at 20 mV s-1 to obtain the voltammetric 
responses in two different potential regimes. The electrode was also polarized at 0.4 V 
and 0.6 V respectively in the acidified methanol solution at room temperature for 
3600 s to record the chronoamperograms. The pretreatment for chronoamperometry 
was -0.12 V for 120 s. 
 
5.3 Results and discussion 
5.3.1 FESEM, XRD, XPS characterizations of nanorods 
 
The electrodeposition of metals into the pores of AAO membranes was carefully 
regulated to produce five-segment Pt-Ru, Pt-Ni and Pt-RuNi nanorods having 
approximate the same total Pt segment length (1.097 ± 0.023 µm) and the same 
overall rod length (1.453 ± 0.053 µm). As all of the nanorods were recovered from the 
mid-section of the AAO pores where diameter was more uniform, they had nearly the 
same diameter (210 ± 10 nm). Figure 5.1 shows the FESEM image of a five-segment  
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Pt-Ru-Pt-Ru-Pt nanorod.  The Pt and Ru segments are clearly distinguishable by 
brightness differences in the backscattered electron image (The Pt segments are 
brighter because of the higher atomic number of Pt). The overall rod length was 1.4 
µm, with 1.09 µm Pt and 310 nm Ru. EDX analysis showed a Pt:Ru weight ratio of 
6.39:1 (The copper signal was contributed by the copper stub sample holder). 
Likewise the FESEM image of Figure 5.2 shows a Pt-Ni-Pt-Ni-Pt nanorod with an 
overall rod length of 1.48 µm which was partitioned into 1.12 µm of Pt (bright zone) 
total and 360 nm of  Ni (dark zone) total. EDX analysis yielded a Pt:Ni weight ratio of 
8.04:1. The FESEM image of the Pt-RuNi-Pt-RuNi-Pt nanorod is shown in Figure 
5.3. The surface of the RuNi segments was very smooth and even, indicating that Ru 
and Ni were deposited simultaneously rather than successively under the applied 
potential. The overall rod length of 1.48 µm was partitioned into 1.08 µm of Pt and 
400 nm of RuNi. The weight ratio of Pt : RuNi (codeposited) according to EDX 
analysis was 5.65 : 1 and the weight ratio of Ru : Ni  in the RuNi segments was 1 : 
1.45. 
 
The X-ray diffraction patterns of embedded Pt, Ru, Ni, RuNi, Pt-Ru-Pt-Ru-Pt, Pt-Ni-
Pt-Ni-Pt, Pt-RuNi-Pt-RuNi-Pt nanorods in the AAO membranes after the removal of 
the copper backing layer are shown in Figure 5.4. AAO is X-ray amorphous in the 
range of Bragg angles measured (Liu et al., 2004a) , which assures that the diffraction 
patterns found in nanorod-filled AAO were the characteristics of the metal(s). Face- 
centered cubic (fcc) platinum (Liu et al., 2004a) characterized by peaks at 2θ = 39.9o 
(111), 46.2o (200), 67.9o (220), and 81.0o (311); fcc nickel (Liu et al., 2004a) 
characterized by peaks at 2θ = 44.5o (111), 51.8o (200), and 76.4o (220); and 
hexagonal close-packed (hcp) ruthenium (Urashima, et al., 1974) characterized by two  
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Figure 5.4 X-ray diffraction patterns AAO membranes embedded with  (a) Pt-Ru-Pt-
Ru-Pt nanorods, (b) Pt-Ni-Pt-Ni-Pt nanorods, (c) Pt-RuNi-Pt-RuNi-Pt nanorods, (d) Pt 
nanorods, (e) RuNi nanorods, (f) Ru nanorods, and (g) Ni nanorods; after the removal 
of the copper backing layer. 
 
intense diffraction peaks at 2θ = 37.7o (100), 43.4o (101), and three weaker peaks at  
2θ = 57.9o (102), 68.1o (110), 78.0o (103) were found for the pure Pt, pure Ni, and 
pure Ru rods respectively. The codeposited RuNi nanorods showed only the 
characteristics peaks of fcc Ni at 2θ = 43.9o (111), 51.2o (200), and 75.8o (220) 
without any trace of hcp Ru.  There were, however, noticeable negative shifts in the 
Bragg angles of fcc Ni suggesting that the larger Ru atoms had displaced some Ni 
atoms from their lattice positions resulting in larger d-spacings. For the segmented 
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nanorods, the 2θ values of the various metals (Pt, Ni, Ru, RuNi) were the same as 
their pristine counterparts. This is evidence that there was no alloying between the 
neighboring segments in Pt-Ru, Pt-Ni, and Pt-RuNi nanorods, as expected from 
conducting electrodeposition in steps rather than concurrently. 
 
Samples of the five-segment Pt-Ru-Pt-Ru-Pt, Pt-Ni-Pt-Ni-Pt and Pt-RuNi-Pt-RuNi-Pt 
nanorods were analyzed by X-ray photoelectron spectroscopy (XPS).  Figure 5.5 a to 
c show the Pt 4f regions of the spectra for the three nanorods, which could be 
deconvoluted into three pairs of doublets. For each doublet, the binding energy (BE) 
of Pt 4f5/2 was about 3.33 eV higher than that of Pt 4f7/2. For the Pt-RuNi-Pt-RuNi-Pt 
nanorods, the most intense doublet (at 71.16 and 74.49 eV) is the signature of metallic 
Pt. The second and weaker doublet (at 72.56 and 75.89 eV) with BEs at 1.4 eV higher  
than Pt (0), could be assigned to the Pt (II) oxidation state such as PtO and Pt(OH)2 
(Liu, et al., 2004b). The third doublet, which was the weakest in intensity and located 
at even higher BEs (74.65 and 77.98 eV), was most likely caused by a small amount 
of Pt (IV) residue on the surface (Liu et al., 2004b). Table 5.1 shows the relative area 
ratios of integrated intensities of Pt (0), Pt (II), and Pt (IV) for all of the nanorods. The 
zero valent metallic state of Pt is evidently predominant on the surface of the Pt 
segments. 
 
Table 5.1 Chemical states, binding energies (BE, eV), and ratios of integrated 
intensities (atomic ratio; AR, %) of five-segment Pt-RuNi, Pt-Ru, and Pt-Ni nanorods. 
Pt 4f   Ru 3p  Ni 2p  
Samples Pt(0) Pt(II) Pt(IV) Ru(0) Ru(VI) Ni (0) NiO Ni(OH)2
BE  71.16 72.56 74.65 461.49 464.89 852.74 853.94 855.79  
Pt-RuNi AR  66.78 21.24 11.98 79.41 20.59 17.09 65.34 17.57 
BE  71.19 72.56 74.39 461.87 465.17 ─ ─ ─  
Pt-Ru AR  66.66 15.70 17.64 86.73 13.27 ─ ─ ─ 
BE  71.18 72.54 74.68 ─ ─ 852.73 853.89 855.78 Pt-Ni 
AR  66.49 20.58 12.93 ─ ─ 22.09 2.88 75.03 
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Figure 5.5 XPS spectra in the Pt 4f  region for (a) Pt-RuNi-Pt-RuNi-Pt nanorods, (b) 
Pt-Ru-Pt-Ru-Pt nanorods, and (c) Pt-Ni-Pt-Ni-Pt nanorods. 
 
In the segmented Pt-Ru-Pt-Ru-Pt and Pt-RuNi-Pt-RuNi-Pt nanorods, the overlap of 
the Ru 3d3/2 peak with the C 1s peak makes it difficult to determine the Ru content by 
the Ru 3d3/2 peak; and the Ru 3p3/2 signal had to be used instead (Figure 5.6a and 
Figure 5.6b). For the Pt-Ru-Pt-Ru-Pt nanorod, the Ru 3p3/2 XPS signal could be 
deconvoluted into two peaks of different intensities at 461.87 and 465.17 eV 
respectively. According to prevailing views, the peak at 461.87 eV is Ru in the 
elemental form, while the peak at 465.17 eV corresponds to the higher oxidation 
states of Ru such as Ru (VI) in RuO3 (Yang, et al., 2004b). The presence of Ru oxides 
                                                                                                                         Chapter 5 
 91
on the nanorod surface is not surprising, since Ru on the nanoscale is easily oxidized 
in air (Yang et al., 2004b). For the Pt-RuNi-Pt-RuNi-Pt nanorod, the Ru (0) and Ru 
(VI) peaks had shifted to lower BEs by 0.38 and 0.28 eV respectively. The 
electronegativity of Ru is 2.2 (Park et al., 2002). When Ru is alloyed with Ni, an 
element with lower electronegativity at 1.9 (Park et al., 2002), electron transfer from 
Ni to Ru is a possibility, which may explain the observed negative shifts of the Ru 
BEs in the Pt-RuNi-Pt-RuNi-Pt nanorod. From the integrated intensities of the 
deconvoluted Ru XPS signals, it is obvious that Ru (0) was the major species present 
on the surface of the Ru segments in the Pt-Ru-Pt-Ru-Pt and Pt-RuNi-Pt-RuNi-Pt 
nanorods (Table 5.1). 
                    
 


















Figure 5.6 XPS spectra in the Ru 3p region for (a) Pt-RuNi-Pt-RuNi-Pt nanorods and 
(b) Pt-Ru-Pt-Ru-Pt nanorods. 
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For the five-segment Pt-Ni-Pt-Ni-Pt nanorod, XPS (Figure 5.7b) highlighted a 
number of Ni oxidation states ranging from Ni metal (Ni0), to Ni oxides (as NiO) and 
Ni hydroxides (as Ni(OH)2). In general, the Ni 2p3/2 signal showed a complex 
structure because of multi- electron excitation (Park et al., 2002; Deivaraj, et al., 
2003), and intense satellite signals (at 861.14 and 879.73 eV) were found next to the 
high binding energy peaks at 855.78 and 873.27 eV. After taking these shake-up 
peaks into account, the Ni 2p3/2 peak could be deconvoluted into three peaks at 852.73, 
853.89, and 855.78 eV which correspond well with the Ni0, NiO, and Ni(OH)2 species  
                
 























Figure 5.7 XPS spectra in the Ni 2p region for (a) Pt-RuNi-Pt-RuNi-Pt nanorods and 
(b) Pt-Ni-Pt-Ni-Pt nanorods. 
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respectively (Park et al., 2002; Deivaraj et al., 2003). A comparison of the integrated 
intensities of the deconvoluted Ni XPS signals (Table 5.1) shows Ni0 and Ni(OH)2 as 
the major Ni species on the surface of the Pt-Ni-Pt-Ni-Pt nanorod.  The Ni 2p3/2 
spectrum (Figure 5.7a) of the Pt-RuNi-Pt-RuNi-Pt nanorod also identified the 
presence of Ni0, NiO, and Ni(OH)2. However the predominant surface species there 
was Ni oxide rather than Ni metal and Ni hydroxide as was in the case of the Pt-Ni-
Pt-Ni-Pt nanorod. 
 
5.3.2 Electrochemical studies 
 
Figure 5.8 shows the steady-state cyclic voltammograms of room temperature (25oC) 
methanol oxidation on 1.453 µm Pt-Ru-Pt-Ru-Pt, Pt-Ni-Pt-Ni-Pt and Pt-RuNi-Pt-
RuNi-Pt nanorods with a total Pt segment length of 1.097 µm, using 1.097 µm Pt-only 
nanorod as the control, in a solution of N2-purged 0.1 M HClO4 and 0.5 M CH3OH, in 
the potential range of -0.16 to 0.45 V vs Ag/AgCl (3 M KCl). In order to minimize the 
interference from double-layer charging to the measured current, a relatively slow 
scan rate of 20 mV s-1 was used. For the Pt-RuNi-Pt-RuNi-Pt nanorod, current density 
rose above the background level as early as 0.06 V (the “onset potential”) and 
increased to 5.17 mA cm-2 at 0.45 V.  The onset potential for the Pt-Ru-Pt-Ru-Pt 
nanorod catalyst was 0.10 V; and the current density at 0.45V was 3.79 mA cm-2. The 
Pt-Ni-Pt-Ni-Pt nanorod exhibited the most positive onset potential (0.17 V) and the 
lowest maximum current density (2.27 mA cm-2) among the three multi-segment 
nanorod catalysts.  
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Figure 5.8 Cyclic voltammograms of Pt-RuNi-Pt-RuNi-Pt, Pt-Ru-Pt-Ru-Pt, Pt-Ni-Pt-
Ni-Pt, and Pt-only nanorods in N2-purged 0.1 M HClO4 and 0.5 M CH3OH between -
0.16 V and  0.45 V vs Ag/AgCl (3M KCl) at 20mV s-1 at room temperature. 
 
It is generally known that methanol electrooxidation requires both methanol activation 
and water dissociation (Gurau, et al., 1998). The dissociation of the C-H bonds in 
methanol on Pt could only occur at potentials where enough Pt sites have been freed 
from adsorbed H atoms, which are usually above -0.007 V vs Ag/AgCl (3 M KCl). 
The dissociation of water, the oxygen donor in methanol oxidation, is only feasible at 
potentials above 0.3 V vs Ag/AgCl (3 M KCl) (Iwasita and Xia, 1996). Therefore 
methanol oxidation to CO2 on Pt could not occur below 0.3 V, which was 
experimentally confirmed (Figure 5.8). However, the measured onset potentials for 
the five-segment Pt-RuNi, Pt-Ru, and Pt-Ni nanorods were all lower than 0.3 V, 
suggesting that the anodic overpotentials for water dissociation on RuNi, Ru, and Ni 
sites could be correspondingly lower than that on Pt sites (Liu et al., 2004b). Among 
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the three multi-segmented nanorod catalysts, the Pt-RuNi nanorod appears to 
dissociate water at the lowest anodic overpotential, the Pt-Ru nanorod was next, and 
the Pt-Ni nanorods was the highest. The trend is in line with the oxophillic properties 
(Gurau et al., 1998) of the metals as deduced from the bond dissociation energies 
(Do298) of their gas phase binary oxides (481±63 kJ/mol for Ru-O, 391.6±3.8 kJ/mol 
for Ni-O and 347±34 kJ/mol for Pt-O) (Weast, 1984-1985). On the surface of the Pt-
Ru nanorod, Ru oxides accounted for 13.27% of the Ru content (Table 5.1). On the 
surface of the Pt-Ni nanorod, Ni-oxygen containing species constituted 77.91% of the 
Ni total. However for the Pt-RuNi nanorod, the Ru oxides were 20.59% of the Ru 
total and Ni-oxygen containing species were 82.91% of the Ni total. These 
measurements indicate that codeposited RuNi was the easiest to form atmospheric 
oxides; and hence has the most oxophillic character.  
 
It should be emphasized that the nanorod catalysts had all been reduced to their 
metallic states by cathodic polarization at -0.8 V for 300 s prior to the voltammetric 
measurements.  Ru0Ni0, being the most oxophlillic of the three metals, is expected to 
facilitate the supply of oxygen containing species for methanol oxidation more 
capably than pure Ru0 and Ni0, and the experimentally measured lowering of the 
anodic ovepotential for methanol oxidation is good evidence. The substitution of Ni 
lattice positions by Ru changes the binding energies of Ru 3p and Ni 2p, which may 
lead to increases in the Ru-O and Ni-O bond strengths and subsequently 
enhancements in the oxophillic properties of the co-deposited metals. 
 
 In the potential region between +0.3 V and +0.45 V vs Ag/AgCl (3 M KCl), CO2 is 
produced and the oxidative removal of CO is the rate-determining-step (Gasteiger, et 
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al., 1993). Therefore the current density within this region is a direct measurement of 
the catalyst’s capability to remove CO-like adsorbed intermediates. From 
experimental measurements the most oxophilic RuNi had the strongest capability in 
the oxidative removal of CO-like intermediates on neighboring Pt sites, to be 
followed by Ru and Ni, in that order. In summary, in the potential range of -0.16 V – 
0.45 V, the Pt-RuNi pair sites are not only the most active to dissociate water (lowest 
onset potential) but are also the most efficient to provide labile oxygen-containing 
species for the CO-removal reactions (highest current density between 0.3 V and 0.45 
V). The overall ranking for the three pair-sites in methanol oxidation in this potential 
region is therefore Pt-RuNi>Pt-Ru>Pt-Ni. 
 
Figure 5.9 shows the steady state cyclic voltammograms of methanol oxidation on 
1.453 µm Pt-RuNi-Pt-RuNi-Pt, Pt-Ru-Pt-Ru-Pt, and Pt-Ni-Pt-Ni-Pt nanorods in a 
solution of N2-purged 0.1 M HClO4 and 0.5 M CH3OH between -0.16 and 1.0 V. The 
Pt-RuNi-Pt-RuNi-Pt nanorods remained the most catalytically active, showing the 
highest forward-scan peak current density of 15.39 mA cm-2 at 0.74 V. At higher 
potentials, say above 0.5 V, interaction of water with the Pt surface increases (Iwasita 
and Xia, 1996) and competition of methanol with water for the adsorption sites 
becomes important (Iwasita, et al., 1997). Methanol adsorption then becomes the rate 
determining step in this region and the reaction rate passes through a maximum and 
then decays. The forward-scan peak current density for Pt-Ru-Pt-Ru-Pt was 6.70 mA 
cm-2 at 0.64 V, which is smaller than that of the Pt-Ni-Pt-Ni-Pt nanorods (9.69 mA 
cm-2 at 0.68 V). The Pt-Ni-Pt-Ni-Pt nanorods were therefore more catalytically active 
than the Pt-Ru-Pt-Ru-Pt nanorods in the broader potential range. This could be 
rationalized in terms of the resistance of Ni towards electrolyte dissolution because of 
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a hydroxide passivated surface,(Park et al., 2002; Deivaraj et al., 2003) whereas 
oxidized ruthenium would partially dissolve in acidic electrolyte above 0.56 V vs 
Ag/AgCl (3 M KCl).(Beden, et al., 1981) Apparently when Ru was incorporated into 
the Ni lattice, it was rendered less soluble by the electrolyte, and the intrinsic activity 
of Ru could be maintained for a longer period. 
  





















Figure 5.9 Cyclic voltammograms of Pt-RuNi-Pt-RuNi-Pt, Pt-Ru-Pt-Ru-Pt, and Pt-
Ni-Pt-Ni-Pt nanorods in N2-purged 0.1 M HClO4 and 0.5 M CH3OH between -0.16 V 
and 1.0 V vs Ag/AgCl (3M KCl) at 20mV s-1 at room temperature. 
       
Current density-time curves measured at a fixed potential were used to evaluate the 
long-term catalyst performance. Figure 5.10 shows the current density measured at 
0.4 V vs Ag/AgCl (3 M KCl) for 3600 s in a N2-purged 0.5 M CH3OH in 0.1 M 
HClO4 at 25 oC. Before recording, the electrode was first stabilized at -0.12 V for 120 
s to ensure there was no methanol adsorbed on the catalyst surface before anodic 
polarization. The initial high current was contributed by double-layer charging (Chu 
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and Gilman, 1996), and by the large number of active sites available for the reaction 
initially. The current decayed precipitously within the first few seconds of potential 
application (Jiang, et al., 2004) due to the deactivation of the Pt sites by CO-like 
intermediates formed during the dissociative chemisorption of methanol. The 
hyperbolic decay (Chu and Gilman, 1996) thereafter attained steady state within 1500 
s. At steady state the Pt-RuNi-Pt-RuNi-Pt nanorod provided the highest oxidation 
current density at 0.89 mA cm-2, followed by the Pt-Ru-Pt-Ru-Pt nanorod at 0.50 mA 
cm-2, the Pt-Ni-Pt-Ni-Pt nanorod at 0.18 mA cm-2, and the Pt-only  nanorod at the 
lowest oxidation current density of 0.004 mA cm-2. For segmented nanorods with the 
same total Pt segment length, the Pt sites remote from the Pt-oxophilic metal(s) 
interface were rapidly deactivated and contributed negligibly to the overall activity, as 
evinced by the performance of the Pt-only nanorod.  
 
 
































Figure 5.10 Current-time plots of Pt-RuNi-Pt-RuNi-Pt, Pt-Ru-Pt-Ru-Pt, Pt-Ni-Pt-Ni-
Pt, and Pt-only nanorods in N2-purged 0.1 M HClO4 and 0.5 M CH3OH polarized at a 
constant potential of 0.4 V vs Ag/AgCl (3 M KCl) at room temperature. 
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Current- time plots of pure Ru, Ni and RuNi segments used as controls also showed 
no residual activity on methanol electrooxidation under the same experimental 
conditions. After 3600 s of polarization, only the Pt at Pt-oxophilic metal(s) pair sites 
could be regenerated by the oxygen-containing species from the oxophilic metal(s). 
Therefore, the steady state current density is a reflection of the long-term capability of 
the pair sites to turnover the tenacious reactive intermediates. A Figure of Merit 
(FOM) scalable with the turnover frequency was used to compare the effectiveness of 
Pt atoms on the various Pt-X (X=Ru. Ni, and RuNi) pair sites, which was calculated 
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                                    (5-2) 
Where IPt-X is the steady current density of five-segment Pt-X nanorods; IPt is the 
steady state of Pt-only rods; Drod is the nanorod diameter; DPt is the Pt atomic 
diameter (0.278nm); N is the number interfaces of Pt-X per rod (4); MPt is the mass  
loading of Pt on the electrode; ρPt is the density of Pt; Lrod is the totally Pt length per 
rod; K is the surface density for polycrystalline Pt (=1.3×1015atom per cm2) (Liu et al., 
2004b). 
 
From these expressions, the following merit values were obtained: FOM (Pt-RuNi) = 
3.59×10-13 mA/cm2 per Pt atom; FOM (Pt-Ru) = 2.04×10-13 mA/cm2 per Pt atom; 
FOM (Pt-Ni) = 7.12×10-14 mA/cm2 per Pt atom; and FOM(Pt) = 1.5×10-18 mA/cm2 per 
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Pt atom. The chronoamperometric results at 0.4 V showed that the Pt-(RuNi) pair 
sites had the most sustainable activity for the methanol oxidation reaction, to be 
followed by the Pt-Ru pair sites and Pt-Ni pair sites, in the same order as that 
measured by cyclic voltammetry. 
  





























Figure 5.11 Current-time plots of Pt-RuNi-Pt-RuNi-Pt, Pt-Ru-Pt-Ru-Pt, and Pt-Ni-Pt-
Ni-Pt nanorods in N2-purged 0.1 M HClO4 and 0.5 M CH3OH polarized at a constant 
potential of 0.6 V vs Ag/AgCl (3 M KCl) at room temperature. 
 
Figure 5.11 shows similar measurements carried out at an anodic potential of 0.6 V 
vs Ag/AgCl (3 M KCl). This potential was chosen because it was close to the 
forward-scan peak potential; and allowed the investigation of catalytic sustainability 
under a relatively higher potential. Consistent with the voltammetric results, the Pt-
RuNi-Pt-RuNi-Pt nanorods still provided the highest activity, followed by the Pt-Ni-
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Pt-Ni-Pt nanorods and the Pt-Ru-Pt-Ru-Pt nanorods. The reversal in the Ni and Ru 
order is due to the aforementioned dissolution effect at more anodic potentials. 
 
The use of segmented nanorods with identifiable Pt-oxophilic metal(s) interface 
removes many of the uncertainties in the interpretation of experimental data from 
conventional alloy catalysts (where the difference in catalytic activities may arise 
from variations in composition and number of the pair sites; neither of them can be 
easily controlled by the preparation conditions).  If the multisegment nanorods were 
prepared with the same segment number, the same total Pt length, the same overall 
rod length and the same diameter, there should be no composition variations on the 
surface, no differences in the number of pair sites between them, and the observed 
catalytic activity differences should mirror the intrinsic chemistry of the pair sites. 
The voltammetric and chronoamperometric results showed that Pt-RuNi pair sites had 
the highest and most sustainable catalyst activity in methanol oxidation because of 
their effectiveness in water dissociation and the oxidative removal of COad 
intermediates. In a more restricted potential range, say below 0.56 V, the Pt-Ru pair 
sites were more active than the Pt-Ni pair sites in methanol oxidation. However, the 
partial dissolution of ruthenium under more oxidizing conditions makes the Pt-Ni pair 




Template preparation of segmented nanorods provides a direct method to compare the 
intrinsic activities of different pair sites on methanol electrooxidation. In this chapter, 
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five segment Pt–Ru, Pt–Ni and Pt–RuNi nanorods were prepared by stepwise 
electrodeposition of the target metal(s) into the pores of commercially available 
anodic alumina membranes, for a controlled overall rod length and total Pt segment 
length of 1.453 µm and 1.097 µm respectively, which was confirmed by FESEM. 
XRD characterization of the nanorods indicated that Pt and Ni were polycrystalline 
with fcc structures, Ru was hcp, and the co-deposited RuNi showed primarily the Ni 
fcc structure with a negative shifts in Bragg angles indicating the substitution of some 
Ni lattice positions by Ru atoms. XPS measurements showed the presence of Pt(0), 
Pt(II), Pt(IV), Ru(0), Ru(VI), Ni(0), Ni(II) species on the nanorod surface. The 
nanorods were catalytically active in the room-temperature electrooxidation of 
methanol under acidic conditions. The relative rates of reaction as measured by cyclic 
voltammetry and chronoamperometry showed that the Pt-RuNi pair sites had the 
lowest overpotential to dissociate water, and the highest catalytic activity and CO-
tolerance among the three types of pair sites in the potential window of -0.16 V and 1 
V vs Ag/AgCl (3 M KCl). The Pt-Ru pair sites were next in line in terms of water 
dissociation capability, and were subsequently more active than the Pt-Ni pair sites at 
potentials below 0.56 V vs Ag/AgCl (3 M KCl). On the contrary, the Pt-Ni pair sites 
were catalytically more active than the Pt-Ru pair sites between 0.56 V and 1 V vs 
Ag/AgCl (3 M KCl). Chronoamperometry also showed more sustainable activity of 
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CHAPTER 6 
TEMPLATE PREPARATION OF MULTI-
SEGMENT Pt-RuNi NANORODS WITH 




One of the most significant findings in Chapter 5 is the discovery of the new Pt-RuNi 
pair sites with methanol oxidation activities surpassing even that of the better known 
Pt-Ru pair sites. These pair sites are difficult to generate by conventional methods of 
preparation, and were produced by sequential electrodeposition of Pt and a RuNi alloy 
(Ru:Ni = 1:1.45 mass ratio) using anodic aluminum oxide (AAO) membrane 
templates. It was found that the Pt-RuNi pair sites could dissociate water at potentials 
lower than those for the Pt-Ru and Pt-Ni pair sites, and were consequently more 
effective in the oxidative removal of the Ptx-COad residues. The aim of the work in 
this chapter is to examine the effect of co-deposited RuNi composition on the 
catalytic activities of the Pt-RuNi pair sites. Investigations were therefore carried out 
using five-segment Pt-RuNi nanorods with different Ru:Ni ratios prepared by the 
sequential template electrodeposition method. The overall rod length and the total Pt 
segment length were kept constant by controlling the electrodeposition conditions. 
The performance of the nanorods in methanol electrooxidation in acidic solutions at 
room temperature was evaluated by cyclic voltammetry and chronoamperometry.  
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6.2 Experimental section 
6.2.1 Materials 
 
Hydrogen hexachloroplatinate (IV) hydrate (H2PtCl6·H2O), ruthenium(III) nitrosyl 
chloride hydrate (Ru(NO)Cl3), and 5 wt% Nafion (EW110) in 20% alcohol/H2O from 
Aldrich, nickel sulfate hexahydrate (NiSO4·6H2O) from Sigma, nickel chloride 
hexahydrate (NiCl2·6H2O), copper(II) sulfate pentahydrate (CuSO4·5H2O), sodium 
hydroxide (NaOH), perchloric acid (HClO4), hydrochloric acid (HCl) and sulfuric 
acid (H2SO4) from Merck, copper chloride (CuCl2) from Fluka, sulfamic acid 
(NH2SO3H) from Avocado Research Chemicals, boric acid (H3BO3) and methanol 
(CH3OH) from Fisher Scientific, were used as received without purification. All 
glassware was washed with chromic acid and distilled water in succession and oven-
dried before use. Anodic aluminum oxide (AAO) membranes (Anodisc 47) 20 nm in 
nominal pore diameter were obtained from Whatman (Maidstone, England). The 
physical vapor deposition of copper made use of a JEOL JEE-420 vacuum evaporator 
equipped with a Maxtek TM-200R thickness monitor. Electrodeposition, cyclic 
voltammetry and chronoamperometry were carried out on an Autolab PGSTAT30 
potentiostat/galvanostat controlled by the General Purpose Electrochemical System 
(version 4.6) software. X-ray photoelectron spectroscopic (XPS) analysis of the 
samples was carried out on a VG ESCALAB MKII and the narrow scan XPS spectra 
of Pt 4f, Ni 2p, and Ru 3p were deconvoluted by XPSPEAK (version 4.1). A JEOL 
JSM-6700F microscope was used to obtain all field emission scanning electron 
microscope (FESEM) images. Energy dispersive analysis by X-rays (EDX) was 
obtained with an OXFORD detector, INCA model system. Powder X-ray diffraction 
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(XRD) patterns were recorded by a Shimadzu X-ray diffractometer-6000 using CuKα 
radiation at 40 kV and 30 mA.  
 
6.2.2 Synthesis of Nanorods 
 
AAO membranes 20 nm in nominal pore diameter and 60 µm thick were used to 
template the electrodeposition of metals into nanorods. FESEM examination of the 
AAO disks revealed that the pores in the first 1 µm of the surface were non-uniform, 
with diameters varying between 20 nm and 200 nm. The pores in the membrane 
interior were more uniform at about 200 nm in diameters.  For the growth of nanorods, 
500 nm of Cu film was first deposited by vacuum evaporation onto one side of the 
membrane to form the working electrode(Birenbaum, et al., 2003).  In order to 
prevent incomplete coverage of the surface pore openings by evaporated copper, and 
to ensure Pt and RuNi electrodepositions to occur only in the more uniform, middle 
section of the pores, copper electroplating from 1 M aqueous solution of CuSO4·5H2O 
at -28.3 mA cm-2 was performed for 400 s to fill up the uneven sections near the 
bottom of the pores.  
 
Platinum electrodeposition was carried out using an aqueous solution of 0.01 M 
H2PtCl6 and 0.2 M H2SO4 at -0.44 mA cm-2 and 50 ± 1 oC.  From the linear 
relationship between average rod length and deposition charge established in previous 
work (Liu, et al., 2004a),  1 µm of Pt rod would require 0.318 C cm-2 of charge 
density, and any desired platinum rod length could be obtained by controlling the 
charge passed. Three electrolytes were used to deposit RuNi alloys with different 
Ru:Ni ratios: (1) Pt-RuNi(1)-Pt-RuNi(1)-Pt: aqueous solution of 2.0 g L-1 
                                                                                                                         Chapter 6 
 106
NiSO4·6H2O, 0.27 g L-1 H3BO3, 3.5 g L-1 Ru(NO)Cl3, and 10 g L-1 NH2SO3H with pH 
(3~5); (2) Pt-RuNi(2)-Pt-RuNi(2)-Pt: aqueous solution of 6.0 g L-1 NiSO4·6H2O, 0.8 
g L-1 H3BO3, 3.5 g L-1 Ru(NO)Cl3, and 10 g L-1 NH2SO3H with pH (3~5); (3) Pt-
RuNi(3)-Pt-RuNi(3)-Pt: aqueous solution of 30 g L-1 NiSO4·6H2O, 4.0 g L-1 H3BO3, 
3.15 g L-1 Ru(NO)Cl3, and 9.0 g L-1 NH2SO3H with pH (3~5). Each RuNi segment 
was deposited potentiostatically at -0.87 V vs Ag/AgCl (3M KCl), at temperature of 
50 ± 1 oC; and a depositing time of 300 s. The preparation of segmented nanorods 
consisting of alternating sequences of Pt and RuNi segments went through the 
following cycle: one metal was deposited at a time for a predetermined period of time, 
followed by rinsing the membrane with 18 MΩ ultrapure water and applying a 
constant current density of -0.11 mA cm-2 until the potential was more negative than -
4.0 V. The voltage (for RuNi deposition) or current density (for Pt deposition) was 
then restored to the value appropriate for the deposition of the next metal(s). This 
process was repeated four times until the five-segment Pt-RuNi-Pt-RuNi-Pt nanorods 
were created. 
 
After the electrodeposition of nanorods, the copper backing layer was removed by 
immersing the membrane in an aqueous solution of 0.05 M CuCl2 in 3% HCl for 20 
mins. XRD measurements were made after the copper layer removal, but with the 
nanorods still inside of AAO. An aqueous solution of 0.5 M NaOH was then used to 
dissolve the alumina membrane. The recovered nanorods were repeatedly centrifuged 
and washed with distilled water and ethanol to remove residues of salts and base. The 
nanorods were then ultrasonically dispersed in ethanol to prepare the samples for XPS, 
FESEM, and EDX examinations. 
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6.2.3 Electrochemical measurements 
 
Electrochemical measurements were all carried out at room temperature in a standard 
three-electrode test cell. The electrolyte for methanol electrooxidation was a solution 
of 0.5 M CH3OH and 0.1 M HClO4 which had been deaerated by high purity nitrogen 
for 30 mins prior to any measurement. A thin layer of Nafion-impregnated catalyst 
was cast on a vitreous carbon disk and used as the working electrode. The catalyst ink 
was a slurry of 0.25 mL of ethanol, 5 mg of nanorods, and 0.15 mL Nafion solution 
(Aldrich) formed after 1 h of ultrasonication. Different volumes of the slurry (20.6 µL 
for Pt-RuNi(1)-Pt-RuNi(1)-Pt, 20.0 µL for Pt-RuNi(2)-Pt-RuNi(2)-Pt, 20.0 µL for 
Pt-RuNi(3)-Pt-RuNi(3)-Pt) were dispensed onto the surface of a 0.1256 cm2 carbon 
disk electrode in four installments to obtain the same nominal catalyst loading of 1.69 
mgPt cm-2. The carbon disk electrode was dried by a 150 W infrared lamp for 5 mins 
before each dispensing and at 70 oC for 1 h after complete dispersing to fully 
evaporate the solvent in the slurry. A Pt gauze and a Ag/AgCl (3 M KCl) electrode 
were used as the counter and the reference electrodes respectively and all potentials 
were referenced to the Ag/AgCl (3 M KCl) standard. Before methanol 
electrooxidation, the working electrode was cathodically polarized at -0.8 V for 300 s 
in 0.1 M HClO4 to reduce the metal oxides on the catalyst surface to their respective 
metals(Wu, et al., 2004). Cyclic voltammograms were recorded when they no longer 
changed with the activation cycles. The potential range -0.16 V to 0.45 V was 
scanned at the rate of 20 mV s-1. For chronoamperometry the working electrode was 
polarized at 0.4 V for 3600 s after pretreatment at -0.12 V for 120 s. 
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6.3 Results and discussion 
6.3.1 FESEM, XRD, XPS characterizations of nanorods 
 
Three variants of five-segment Pt-RuNi-Pt-RuNi-Pt nanorods with different RuNi 
compositions were prepared by the sequential electrodeposition method. The overall 
rod length and the total Pt segment length were kept approximately constant at 1.448 
± 0.006 µm and 1.058 ± 0.019 µm respectively. As the nanorods were grown and 
recovered from the middle section of the AAO pores where cross section was uniform, 
they had nearly the same diameter (209 ± 9 nm). Figure 6.1a is a representative 
FESEM image of the Pt-RuNi(1)-Pt-RuNi(1)-Pt nanorod.  The Pt and RuNi 
segments are clearly distinguishable by the difference in contrast in the backscattered 
electron image (The Pt segments are brighter). The surface of the RuNi segments is as 
smooth and as even as the Pt segments, indicating that Ru and Ni had been deposited 
concurrently rather than successively under the applied potentiostatic control. EDX 
analysis of the RuNi segments showed a Ru:Ni mass ratio of 12.95 : 1. The salient 
statistics for the Pt-RuNi(1)-Pt-RuNi(1)-Pt  nanorods, as well as those for the Pt-
RuNi(2)-Pt-RuNi(2)-Pt (Figure 6.1b) and Pt-RuNi(3)-Pt-RuNi(3)-Pt (Figure 6.1c) 
nanorods are summarized in Table 6.1.  
 
The X-ray diffraction patterns of Pt, Ru, Ni, RuNi(1)1, Pt-RuNi(1)-Pt-RuNi(1)-Pt, 
RuNi(2)1, Pt-RuNi(2)-Pt-RuNi(2)-Pt, RuNi(3)1, Pt-RuNi(3)-Pt-RuNi(3)-Pt nanorods  
                      
                                                 
1  These are RuNi nanorods produced without the alternating Pt segments under otherwise identical 
electrodeposition conditions  




                         
 
 
Figure 6.1 FESEM images of five-segmented nanrods. a) Pt-RuNi(1)-Pt-RuNi(1)-Pt; 
b) Pt-RuNi(2)-Pt-RuNi(2)-Pt; c) Pt-RuNi(3)-Pt-RuNi(3)-Pt. 
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Table 6.1 Diameters, segment lengths, overall length and the PtRuNi compositions of 





















208 1.054 392 1.446 65.09:12.95:1 19.6:7.52:1 
Pt-RuNi 
(2) 
200 1.077 377 1.454 29.22:4.24:1 8.8:2.46:1 
Pt-RuNi 
(3) 
218 1.045 400 1.445 13.84:1:1.45 7.17:1:2.49 
 
embedded in AAO but after the removal of the copper backing layer are shown in 
Figure 6.2. As AAO is X-ray amorphous in the range of Bragg angles measured, the 
diffraction patterns found in nanorod-filled AAO are clearly the signatures of the 
metal(s) (Liu et al., 2004a). Face-centered cubic (fcc) platinum (Liu et al., 2004a) 
characterized by peaks at 2θ = 39.9o (111), 46.2o (200), 67.9o (220), and 81.0o (311); 
fcc nickel(Liu et al., 2004a) characterized by peaks at 2θ = 44.5o (111), 51.8o (200), 
and 76.4o (220); and hexagonal close-packed (hcp) ruthenium (Liu, et al., 2006) 
characterized by two intense diffraction peaks at 2θ = 37.7o (100), 43.1o (101), three 
weak peaks at  2θ = 57.6o (102), 68.4o (110), 77.4o (103) were found for the pure Pt, 
Ni, and Ru rods, respectively. The co-deposited RuNi(1) and RuNi(2) nanorods 
showed mostly a pattern characteristic of the Ru hcp structure (at 2θ = 38.6o (100), 
44.1o (101) for RuNi(1) and at 2θ = 40.0o (100), 45.5o (101) for RuNi(2)) without any 
trace of Ni fcc diffractions. There were, however, noticeable positive shifts in the 
Bragg angles of hcp Ru suggesting that RuNi(1) and RuNi(2) are solid solutions of Ni 
in Ru where the displacement of selected Ru atoms from their lattice positions by the 
smaller Ni atoms had resulted in a smaller d spacing. The positive shifts in the Bragg 
angles also increased with the Ni content when the composition changed from RuNi(1)  
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Figure 6.2 X-ray diffraction patterns of AAO membranes embedded within various 
nanorods after the removal of the copper backing layer. 
 
to RuNi(2). On the contrary, the codeposited RuNi(3) nanorods are solid solution of 
Ru in Ni, showing primarily diffractions from the Ni fcc structure at 2θ = 43.9o (111), 
51.2o (200), and 75.8o (220) without any trace of the Ru hcp structure. In this case the 
Bragg angles shifted negatively with respect to pure Ni because the substitution of Ni 
atoms by the larger Ru atoms had resulted in an increase in the d spacing. For the 
segmented nanorods, the 2θ values of the various metals (Pt, RuNi(1), RuNi(2), 
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RuNi(3)) were the same as their pristine counterparts. This is evidence that there was 
no alloying between neighboring segments in the segmented Pt-RuNi-Pt-RuNi-Pt 
nanorods, as expected from conducting electrodeposition in steps rather in a one-pot 
fashion. 
 
Samples of the five-segment Pt-RuNi nanorods were sent for XPS (X-ray 
photoelectron spectroscopy) analysis. Figure 6.3 shows the Pt 4f spectral regions for 
the three nanorods, which could be deconvoluted into three pairs of doublets. For each 
doublet, the binding energy (BE) of Pt 4f5/2 was about 3.33 eV higher than that of Pt 
4f7/2. For the Pt-RuNi(1)-Pt-RuNi(1)-Pt nanorods, the most intense doublet (at 71.16 
and 74.49 eV) is the signature of metallic Pt. The second and weaker doublet (at 72.58 
and 75.91 eV), with BEs at 1.42 eV higher than Pt (0), could arise from the Pt (II) 
oxidation state, such as PtO and Pt(OH)2 (Liu, et al., 2004b). The third doublet, which 
was the weakest in intensity and located at even higher BEs (at 74.69 and 78.02 eV), 
was most likely caused by a small amount of Pt (IV) residue on the surface (Liu et al., 
2004b). Table 6.2 shows the ratios of the integrated intensities of Pt (0), Pt (II), and Pt 
(IV) for all of the nanorods. There was no statically significant difference between the 
surface compositions of the Pt segments, and the zero valent state of Pt was the 
predominant surface species.  
 
The overlap of the Ru 3d3/2 peak with the adventitious C 1s peak had interfered with 
the unambiguous determination of the Ru content on the nanorod surface, and the Ru 
3p3/2 signal was used instead (Figure 6.4). For Pt-RuNi(1)-Pt-RuNi(1)-Pt, the Ru 
3p3/2 XPS signal could be deconvoluted into two peaks of different intensities at 
461.55 and 464.96 eV respectively. According to prevailing views, the peak at 461.55 
                                                                                                                         Chapter 6 
 113
                      














                       














                        














Figure 6.3 XPS spectra in the Pt 4f region for Pt-RuNi(1)-Pt-RuNi(1)-Pt, Pt-RuNi(2)-
Pt-RuNi(2)-Pt, and Pt-RuNi(3)-Pt-RuNi(3)-Pt nanorods. 
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Table 6.2 Chemical states, binding energies (BE), and ratios of integrated intensities 
(atomic ratios; AR) of five-segment Pt-RuNi(1)-Pt-RuNi(1)-Pt, Pt-RuNi(2)-Pt-
RuNi(2)-Pt, and Pt-RuNi(3)-Pt-RuNi(3)-Pt.  
Pt 4f   Ru 3p  Ni 2p  
Samples Pt(0) Pt(II) Pt(IV) Ru(0) Ru(VI) Ni (0) NiO Ni(OH)2
BE 
(eV)






68.40 19.54 12.06 85.65 14.35 36.43 43.24 20.33 
BE 
(eV)






67.93 21.37 10.70 79.67 20.33 19.13 69.85 11.02 
BE 
(eV)




66.78 21.24 11.98 79.41 20.59 17.09 65.34 17.57 
 
eV is Ru in elemental form, whereas the peak at 464.96 eV corresponds to Ru in 
higher oxidation states such as Ru (VI) in RuO3 (Yang, et al., 2004b).  The presence 
of Ru oxides on the nanorod surface is not surprising, since Ru on the nanoscale is 
easily oxidized in air (Yang et al., 2004b). For the three Pt-RuNi nanorods, the Ru (0) 
and Ru (VI) peaks all shifted to lower BEs compared to those for the Pt-Ru nanorods 
(Liu et al., 2006). The electronegativity of Ru is 2.2.(Park, et al., 2002) When Ru is 
alloyed with Ni, an element with a lower electronegativity (1.91),(Park et al., 2002) 
electron transfer from Ni to Ru is a possibility, which may explain the observed 
negative shifts of the Ru BEs in the Pt-RuNi nanorods. From the integrated intensities 
of the deconvoluted Ru XPS signals, it is obvious that Ru (0) predominated on the 
surface of the RuNi segments in all Pt-RuNi nanorods (Table 6.2) 
 
Figure 6.5 shows that Ni was present as Ni metal (Ni0), Ni oxide (as NiO), and Ni 
hydroxides (as Ni(OH)2) on the surface of the RuNi segments in the three Pt-RuNi 
nanorods. For the Pt-RuNi(1)-Pt-RuNi(1)-Pt nanorods (and similarly for the other 
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Figure 6.4 XPS spectra in the Ru 3p region for Pt-RuNi(1)-Pt-RuNi(1)-Pt, Pt-
RuNi(2)-Pt-RuNi(2)-Pt, and Pt-RuNi(3)-Pt-RuNi(3)-Pt nanorods. 
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Figure 6.5 XPS spectra in the Ni 2p region for Pt-RuNi(1)-Pt-RuNi(1)-Pt, Pt-
RuNi(2)-Pt-RuNi(2)-Pt, and Pt-RuNi(3)-Pt-RuNi(3)-Pt nanorods 
 
                                                                                                                         Chapter 6 
 117
Pt-RuNi nanorods), the Ni 2p3/2 signal showed a complex structure due to multieletron 
excitation (Park et al., 2002). Intense satellite signals (at 859.49 and 878.07 eV) were 
found next to the high binding energy peaks at 855.73 and 873.24 eV. After taking 
these shake-up peaks into account, the Ni 2p3/2 peak could be deconvoluted into three 
peaks at 852.82, 854.09, and 855.73 eV, corresponding well with the Ni0, NiO, and 
Ni(OH)2 species respectively (Park et al., 2002). A comparison of the integrated 
intensities of the deconvoluted Ni XPS signals (Table 6.2) shows that NiO was the 
primary Ni species on the surface of the RuNi segments in the Pt-RuNi nanorods. The 
mass ratios of Ru:Ni as determined by XPS were 12.87:1 for Pt-RuNi(1), 4.19:1 for 
Pt-RuNi(2), and 1:1.48 for Pt-RuNi(3) respectively, which agreed well with the EDX 
measurements thereby indicating concordance of bulk and surface compositions in  
the RuNi segments.      
  
6.3.2 Electrochemical studies 
 
Figure 6.6 shows the typical response from a number of replicate runs at steady-state 
for methanol oxidation over the Pt-RuNi nanords in a N2-deaerated solution of 0.1 M 
HClO4 and 0.5 M CH3OH at 25oC. A relatively slow scan rate of 20 mV s-1 was used 
to minimize the contribution from double-layer charging to the measured current. For 
the three catalysts, the current density all rose above the background level (the “onset 
potential”) as early as ~0.06 V. At 0.45 V, current density was maximum for the Pt-
RuNi(2)-Pt-RuNi(2)-Pt nanorods (12.37 mA cm-2), the Pt-RuNi(1)-Pt-RuNi(1)-Pt  
nanorods were next (7.28 mA cm-2) followed by the Pt-RuNi(3)-Pt-RuNi(3)-Pt 
nanorods (5.17 mA cm-2). It is generally known that methanol electrooxidation 
requires both methanol activation and water dissociation.(Gurau, et al., 1998) The 
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dissociation of the C-H bonds in methanol on Pt could only occur at potentials when a 
sufficient number of Pt sites have been freed from the adsorbed H atoms, which are 
usually above -0.007 V versus Ag/AgCl (3 M KCl). The dissociation of water on Pt is 
only feasible at potentials above 0.3 V versus Ag/AgCl (3 M KCl).(Iwasita and Xia, 
1996) Thus methanol oxidation to CO2 on Pt could not occur below 0.3 V, which has 
been experimentally confirmed. (Liu et al., 2006) However, the measured onset 
potentials for the three Pt-RuNi nanorods were all below 0.3 V, suggesting that 
methanol oxidation was promoted by water dissociation on the RuNi segments which 
could occur at a lower anodic overpotential than Pt. In the potential region between + 
0.3 V and + 0.45 V versus Ag/AgCl (3 M KCl), the oxidative removal of CO is the 
rate-determining step in methanol oxidation.(Gasteiger, et al., 1993) Therefore the 
current density in this region is a direct measure of the catalyst’s ability to remove 
CO-like adsorbed residues. From the experimental data, the effectiveness of CO 
removal as measured by such indicator decreases in the following order: Pt-
RuNi(2)>Pt-RuNi(1)>Pt-RuNi(3)>PtRu>PtNi>Pt (Liu et al., 2006) (The data for 
PtRu, PtNi and Pt was taken from Chapter 5). Enhanced CO oxidation by the RuNi 
segments could be due to alloying of Ru and Ni changing the nature and binding 
energies of the surface OH species, making the latter more readily available for the 
oxidative removal of COads on neighboring Pt sites (Liu et al., 2006). The activity 
difference between Pt-RuNi(1), Pt-RuNi(2) and Pt-RuNi(3) pair sites suggests that 
there exists an optimal mix between Ru and Ni where the beneficial effect may be 
maximized: A moderate presence of Ni while maintaining an overall Ru hcp structure 
is desirable (from mass ratio of Ru:Ni=12.95:1 in RuNi(1) to mass ratio of 
Ru:Ni=4.24:1 in RuNi(2)), whereas excessive presence of Ni (mass ratio of 
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Ru:Ni=1:1.45 in RuNi(3)) inverting the alloy to a fcc Ni structure is counter-
productive. 
                       


















Figure 6.6 Cycle voltammograms of Pt-RuNi(1)-Pt-RuNi(1)-Pt, Pt-RuNi(2)-Pt-
RuNi(2)-Pt, and Pt-RuNi(3)-Pt-RuNi(3)-Pt nanorods in N2-purged 0.1 M HClO4 and 
0.5 M CH3OH between - 0.16 V and + 0.45 V versus Ag/AgCl (3 M KCl) at 20 mV s-
1 at room temperature. 
 
Current density-time curves measured at a fixed potential of + 0.4V were used to 
project the long-term catalytic performance of the nanorods. Figure 6.7 shows the 
experimental data collected over a period of 3600 s.  Before recording, the electrode 
was conditioned at -0.12 V for 120 s to ensure that there was no methanol adsorption 
on the catalyst surface before anodic polarization. The initial high current was caused 
by double-layer charging (Chu and Gilman, 1996), and by the large number of active 
sites initially available for the reaction. The current decayed precipitously within the 
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first few seconds of applying the potential(Jiang, et al., 2004) as the Pt sites were 
progressively occupied by CO-like intermediates formed during the dissociative 
chemisorption of methanol. The hyperbolic decay (Chu and Gilman, 1996) thereafter 
would finally attain a steady state within 1500 s. At the steady state the Pt-RuNi(2) 
nanorods provided the highest oxidation current density of 2.08 mA cm-2, followed by 
the Pt-RuNi(1) nanorods (1.38 mA cm-2) and the Pt-RuNi(3) nanorods (0.89 mA cm-
2). For segmented nanorods with the same total Pt segment length, the Pt sites remote 
from the Pt-oxophilic metal(s) interface were severely deactivated and contributed 
insignificantly to the overall activity (Liu et al., 2006). The current-time plots of pure 
RuNi(1), RuNi(2), and RuNi(3) nanorods used as controls also showed no residual 
activity on methanol electrooxidation under the same experimental conditions, 
indicating that RuNi alone is catalytically inactive in methanol oxidation. After 3600 s 
of polarization, only the Pt at Pt-oxophilic metals pair sites could be regenerated by 
the oxygen-containing species from the oxophilic metal sites. Therefore, the steady 
state current density is a valid measure of the long-term capability of the pair sites to 
turnover the tenacious reactive intermediates. The results showed that the Pt-RuNi(2) 
pair sites had the most sustainable activity for methanol oxidation reaction, followed 
by the Pt-RuNi(1) and Pt-RuNi(3) pair sites, in the same order as the activity 
measurements by cyclic voltammetry.  
 
While multi-segment nnaorods are useful for elucidating the function of bimetallic 
pair sites and for the discovery of new pair sites, they are painstaking laborious to 
produce on a large scale. The Pt-RuNi pair sites may in principle be fabricated by 
decorating Pt nanoparticles with chemically deposited RuNi, or by decorating RuNi 
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nanoparticles with partially completed Pt shell. These preparative protocols are 
currently being evaluated in our laboratory.  
       




















Figure 6.7 Current-time plots of Pt-RuNi(1)-Pt-RuNi(1)-Pt, Pt-RuNi(2)-Pt-RuNi(2)-
Pt, and Pt-RuNi(3)-Pt-RuNi(3)-Pt nanorods in N2-purged 0.1 M HClO4 and 0.5 M 





Segmented Pt-RuNi nanorods with distinct Pt-oxophilic metal(s) interfaces were used 
to compare the activities of a number of bimetallic pair sites in room temperature 
electrooxidation of methanol. These pair sites differed only in the RuNi composition. 
The segmented nanorods were produced with the same segment number (5), the same 
diameter (209 nm), the same overall rod length (1.448 µm) and the same total Pt 
segment lengths (1.058 µm) so that the observed activity differences could mirror the 
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intrinsic chemistry of the pair sites. Voltammetric and chronoamperometric 
measurements showed that Pt-RuNi pair sites with a substantial presence of Ni in the 
RuNi phase while maintaining the Ru hcp structure was beneficial. However 
excessive Ni leading to the formation of a solid solution of Ru in Ni in the RuNi 
phase was counterproductive. The discovery of the enhanced activity and CO 
tolerance of the Pt-RuNi pair sites (relative to PtRu and PtNi) suggests that Pt 
nanoparticles decorated with an incomplete shell of RuNi or RuNi nanoparticles with 
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CHAPTER 7 
HIGH REGULARITY POROUS OXOPHILIC 
METAL FILMS ON Pt AS MODEL 





In previous chapters, electrodeposited multi-segment nanorods with customizable and 
reproducible interfaces were used to demonstrate the existence of the bimetallic pair 
sites, and to compare their intrinsic catalytic activities in methanol electrooxidataion 
reaction. Another method of fabrication of the pair sites with the advantage of being 
more able to filter out the interference from the Pt-only sites will be presented in this 
chapter, to further validate the findings of previous work and to explore more Pt-
oxophilic metal pair sites.  
 
In this chapter, a new periodic structure, namely macroporous films of oxophilic 
metal patterned on a Pt substrate was prepared via the electrodeposition of the 
oxophilic metal(s) into the interstices of closely packed polystyrene (PS) spheres pre-
assembled on a Pt substrate. The macroporous oxophilic metal films so prepared 
contain distinct and quantifiable interfaces between Pt and the oxophilic metal. When 
                                                                                                                         Chapter 7 
 124 
used as the model catalysts for methanol electrooxidation, the structure could enable a 
direct comparison of the activities of different pair sites. The principal advantage of 
the macroporous films over the multi-segment nanorods is a larger fraction of 
bimetallic pair sites relative to the Pt sites, which increases the contributions from the 
pair sites and decreases the contributions from the Pt sites. The observed activity 
difference can then be related to the composition of the pair sites with increased 
confidence.  
 
Oxophilic metals such as Ru (Beden, et al., 1981; Iwasita, et al., 2000; Zhang and 
Chan, 2003), Re (Beden et al., 1981; Anderson, et al., 2004), and Os (Ley, et al., 1997; 
Moore, et al., 2003; Huang, et al., 2004) have been known to alloy with Pt to form 
binary (Beden et al., 1981; Iwasita et al., 2000; Crown, et al., 2001; Zhu and Cabrera, 
2001; Moore et al., 2003; Huang et al., 2004) or ternary catalyst systems (Ley et al., 
1997; Gurau, et al., 1998; Kessler and Luna, 2003). In this chapter discrete bimetallic 
pair sites of the Pt-Ru, Pt-Re, Pt-Os, Pt-RuRe, and Pt-RuOs systems are created by the 
new model structure without the interference from factors such as particle size, 
surface enrichment effects, and inhomogeneity in catalyst composition. 
 
7.2 Experimental section 
7.2.1 Materials 
 
Ruthenium (III) nitrosyl chloride hydrate, potassium perrhenate, and potassium 
hexachloroosmate (IV) from Aldrich; potassium hydrogen sulfate and sodium dodecyl 
sulfate (SDS) from Sigma-Aldrich; sulfuric acid (95-97%) and perchloric acid from 
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Merck; methanol and tetrahydrofuran from Fisher; sulfamic acid from Avocado 
Research Chemicals; and 30% hydrogen peroxide solution from BDH were used as 
received without further purification. A SalvisLAB Vaccucenter vacuum oven was 
used for annealing the polystyrene (PS) sphere (vida infra). The platinum substrate 
was a 0.201” 10 MHz quartz crystal with a polished Pt layer (100 nm) bonded to 
quartz via an intermediate 10 nm Ti layer. Electrodeposition, CO stripping 
voltammetry and chronoamperometric measurements were carried out on a 
Technobiochip Picrobalance connected to an Autolab PGSTAT 30 
potentiostat/galvanostat operating under the General Purpose Electrochemical 
Software System (version 4.6). XPS analysis made use of a VG ESCALAB MKII and 
the narrow scan XPS spectra of Pt 4f, Ru 3p, Re 3p, and Os 3p were deconvoluted by 
the vendor-supplied XPSPEAK (version 4.1) software. A JEOL JSM-6700F 
microscope was used to obtain field emission scanning electron microscope (FESEM) 
images. The microscope is installed with an EDX detector thereby allowing elemental 
analysis to be carried out in-situ. Powder XRD patterns were recorded by a Bruker 
AXS diffractometer using CuKα radiation at 40 kV and 40 mA. 
 
7.2.2 Fabrication of macroporous metal films on Pt quartz crystal 
substrate 
 
The polished Pt quartz crystal substrate was ultrasonically bathed in a 3:1 v/v mixture 
of H2SO4 and H2O2 for 10 mins, washed copiously with distilled water, and dried in 
flowing nitrogen. A colloidal solution of monodispersed polystryrene (PS) spheres 
with a diameter of 433 nm was synthesized by an emulsifier-free emulsion 
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polymerization technique (Shim, et al., 1999; Okamoto, 2005). A conventional 
vertical deposition method (Jiang, et al., 1999) was used to assemble the PS spheres 
on the Pt substrate into a face-centered cubic (fcc) close pack. The PS layer was then 
heated in vacuum at 108.3oC for 20 mins to flatten the PS-Pt point contacts into area 
contacts. Ru, Re, Os, RuRe and RuOs were deposited into the interstices of the PS 
array by pulse electrodeposition under the conditions shown in Table 7.1. The metal 
film thickness was controlled by the time of deposition to a height approximately 
equal to one-half of the diameter of the PS spheres. Tetrahydrofuran was then used to 
remove the PS spheres from the Pt substrate, leaving behind a macroporous oxophilic 
metal film with an orderly array of pores. The oxophilic metal film on Pt was 
repeatedly washed with ethanol and distilled water to remove residues of solvent and 
salts, and was subsequently characterized by FESEM, EDX, XRD, and XPS. 
 
Table 7.1 Compositions of the plating solutions and conditions for the 
















Ru(NO)Cl3 1.75 g L-1 － － 1.31 g L-1 1.31 g L-1 
NH2SO3H 5 g L-1 － － 3.74 g L-1 3.74 g L-1 
KReO4 － － 5.786 g L-1 － 0.579 g L-1 
H2SO4 － － 10 g L-1 － 1.0 g L-1 
K2OsCl6 － 2.5 g L-1 － 0.417 g L-1 － 
KHSO4 － 15 g L-1 － 2.5 g L-1 － 
SDS 2.884 g L-1 2.884 g L-1 2.884 g L-1 2.884 g L-1 2.884 g L-1 
Temperature 55 oC 70 oC 70 oC 70 oC 70 oC 
Number of 
cycles[a] 
60000 96000 96000 64000 64000 
[a] For the pulse electrodeposition of Ru, the pulse used was 0 V for 0.0005s and -0.7 
V for 0.0005s ; for the pulse electrodeposition of other metals, the pulse used was 0 V 
for 0.0005s and -0.7 V for 0.0005s.  
 
                                                                                                                         Chapter 7 
 127 
7.2.3 Electrochemical measurements 
 
A standard three-electrode electrolysis cell was used for the electrochemical 
measurements. The working electrode was the Pt quartz crystal covered with the 
macroprous oxophilic metal film. A platinum rod and an Ag/AgCl (3 M KCl) 
electrode were used as counter and the reference electrodes respectively. Before 
measurements the working electrode was conditioned by cathodic polarization at -0.8 
V for 120 s in 0.1 M HClO4 to reduce the metal surface oxides to their respective 
metals (Wu, et al., 2004; Liu, et al., 2006). For linear sweep CO stripping 
voltammetry the electrode was polarized at -0.14V while the electrolyte (0.1 M 
HClO4) was purged by 10 mol% of CO/Ar for 900 s, followed by a stream of pure Ar 
for another 900 s. Cyclic voltammograms were collected between -0.16V and 0.6V 
for the first two scans at 20 mV s-1, with the first scan starting at the adsorption 
potential of -0.14 V. For methanol electrooxidation an electrolyte of 0.5 M CH3OH 
and 0.1 M HClO4 was used. The electrolyte was deaerated by Ar for 30 mins prior to 
chronoamperometric measurements, which were carried out at 0.4 V for 3600 s after 
an electrode pretreatment at - 0.12 V for 120 s. All measurements were carried out at 
room temperature of 25oC. 
 
7.3 Results and discussion 
7.3.1 FESEM, XRD and XPS Characterizations 
 
Following the scheme shown in Figure 7.1, homogeneous macroporous films of Ru, 
Os, Re RuOs, and RuRe on polished Pt quartz crystals were obtained by the pulse 
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electrodeposition of metal into the interstices of vacuum-annealed closely packed 433 
nm polystyrene (PS) spheres, followed by the solvent removal of the latter. Figure 7.2 
shows the FESEM images of the metal films after the removal of the PS spheres. The 
time and temperature of PS annealing were carefully regulated to give approximately 
the same average pore diameters (Dpore) in the five different films: 165.9 ± 2.1 nm for 
Ru, 170.4 ± 3.9 nm for Os, 161.5 ± 3.5 nm for Re, 170.9 ± 8.3 nm for co-deposited 
RuOs, and 160.7 ± 5.5 nm for co-deposited RuRe. For the 0.205 cm2 Pt QCM (Quartz 
Crystal Microbalance) substrate, the “uncovered” substrate area due to Pt were 
0.03024 cm2 for PtRu, 0.0319 cm2 for PtOs, 0.03108 cm2 for PtRe, 0.03206 cm2 for 
Pt-RuOs (co-deposited), and 0.02842 cm2 for Pt-RuRe(co-deposited). 
Correspondingly, the ratio of Pt on the pair sites relative to Pt-only sites was about 
seven times that of the nanorods (1:1409) (1:212 for Ru, 1:218 for Os, 1:207 for Re, 



























, where DPt is the Pt atomic diameter 0.278nm , 
assuming a geometrically smooth Pt surface).  
 
Figure 7.1 Schematics of the procedure to prepare porous oxophilic metal film on Pt 
QCM substrate with self-assembled polystyrene spheres as the template.  
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Figure 7.2 FESEM images of porous oxophilic metal films on polished Pt quartz 
crystal. a) Ru; b) Os, c) Re; d) co-deposited RuOs; e) co-deposited RuRe. Magnified 
views of the images are shown in the right hand column. 
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The contrast gradient in the oxophilic metal film indicating increasing film thickness 
radiating outward from the PS centers mirrored the geometry of the intersticies 
formed by the flattened PS sphere. For the codeposited bimetallics in-situ EDX 
analyses indicated a Ru:Os ratio of 4.4:1 for the RuOs film, and a Ru:Re ratio of 4.6:1 
for the RuRe film. 
 
Figure 7.3 shows that X-ray diffraction patterns of the Pt quartz crystal and the 
different porous oxophilic metal films on Pt. Besides the peaks arising from the 
substrate corresponding to face-centered cubic (fcc) platinum (Liu et al., 2006) at 2θ = 
39.9o (111), 46.7 o (200), 67.9 o (220), 81.8 o (311), and 86.1 o (222), the following 
peaks were found for the respective deposited films: hexagonal close-pack (hcp) 
ruthenium (JCPDS #06-0663, 1999) characterized by peaks at 2θ = 44.3 o (101), 58.5 o 
(102), and 69.7 o (110); hcp osmium (Moore et al., 2003) characterized by peaks at 2θ 
= 38.1 o (100), 57.9 o (102), and 69.0 o (110); and tetrahedral close-pack (tcp) 
hydrogen rhenium oxide hydrate (JCPDS #80-0049, 1999) characterized by peaks at 
2θ = 16.6 o (101), 25.6 o (112), 27.5 o (004), 30.6 o (200), 35.1 o (121), 47.5 o (116), 
49.6 o (125), 51.5 o (132), 52.6 o (224), 56.9 o (008), 61.1 o (323), 63.8 o (400), and 66.4 
o
 (141). The fact that the tcp H(ReO4)H2O structure predominated in the porous Re 
film instead of hcp Re shows that the as-deposited Re was easily oxidized by the 
water vapor and oxygen in air, as expected from a comparison of the gas-phase 
dissociation energies of binary oxides (Re-O: 625 kJ/mol, Os-O: 575 kJ/mol, and Ru-
O: 528 kJ/mol) (Ley et al., 1997; Gurau et al., 1998). The hcp peaks at 2θ = 43.8 o 
(101), 58.0 o (102), and 69.3 o (110) for the porous co-deposited RuOs film were 
negatively shifted with respect to Ru. Since the Ru:Os ratio in RuOs film was 4.4:1, 
the film is a solid solution of Os in Ru and the Bragg angle shifts were caused by 
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larger Os atoms displacing selected Ru atoms from their lattice positions. For the 
porous co-deposited RuRe film, the XRD pattern (2θ = 43.4 o (101), 57.6 o (102), and 
68.8 o (110)) again showed a hcp structure with negative Bragg angle shifts with 
respect to Ru indicative of the substitution of Ru lattice positions by Re atoms, and 
the resulting increase in the d-spacing (the Ru:Re ratio in RuRe film was 4.6:1).  
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Figure 7.3 X-ray diffraction patterns of Pt quartz crystal and various porous oxophilic 
metal films on the Pt quartz crystal after the removal of PS spheres. The insets are 
magnified views within the specified 2θ ranges. + are the peaks from fcc Pt; * are the 
peaks from hcp Ru; ˇ are the peaks from hcp Os; ↑ are the peaks from tcp 
H(ReO4)(H2O). 
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The porous Ru, Os, Re, RuOs (codeposited) and RuRe (codeposited) films on Pt 
substrates were also analyzed by X-ray photoelectron spectroscopy (XPS). The Pt 4f 
spectra of pure Pt, Ru/Pt, Os/Pt, Re/Pt, RuOs/Pt and RuRe/Pt were all similar, as 
expected from a consistent Pt plating procedure. Figure 7.4 shows a sample spectrum 
taken from the porous Ru film on Pt. The Pt 4f region could be deconvoluted into 
three pairs of doublets: Pt0, PtII, and PtIV respectively (Liu et al., 2006). For each 
doublet, the binding energy (BE) of Pt 4f5/2 was about 3.3 eV higher than that of Pt 
4f7/2. The Pt 4f5/2 BEs of Pt0, PtII, and PtIV and their relative integrated intensities are 
summarized in Table 7.2. It is evident that Pt0 dominated on the surface of the Pt 
substrate. 
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Figure 7.4 XPS spectrum of porous Ru film on Pt substrate in the Pt 4f region. 
 
Table 7.2 Chemical states, binding energies (BE), and ratios of integrated intensities 
(area ratios; AR) of porous Ru, Os, Re, RuOs, and RuRe films on Pt quartz cystal. 
 Pt 4f7/2 Ru 3p3/2 Os 4f7/2 Re 
4f7/2 
samples Pt0 PtII PtIV Ru0 RuIV RuVI Os OsO2 ReVII 
BE(eV) 71.08 72.32 74.34 461.82 － 465.14 － － － Pt-Ru 
AR(%) 74.89 19.06 6.05 91.66 － 8.34 － － － 
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BE(eV) 71.06 72.31 74.31 － － － 50.40 52.24 － Pt-Os 
AR(%) 74.22 19.15 6.63 － － － 73.24 26.76 － 
BE(eV) 71.07 72.39 74.33 － － － － － 46.29 Pt-Re 
AR(%) 74.90 19.09 6.01 － － － － － 100 
BE(eV) 71.08 72.33 74.31 461.89 463.53 465.17 49.37 50.92 － Pt-
RuOs AR(%) 74.88 19.12 6.00 78.85 9.98 11.17 62.77 37.23 － 
BE(eV) 71.07 72.38 74.29 461.20 462.75 464.28 － － 46.55 Pt-
RuRe AR(%) 74.37 19.22 6.41 75.87 9.18 14.95 － － 100 
 
For the porous Ru, RuOs, and RuRe films on Pt, the overlap of the Ru 3d3/2 peak with 
the adventitious C 1s peak makes it difficult to determine the Ru content from the Ru 
3d3/2 peak, and the Ru 3p3/2 signal was used instead (Figure 7.5a, b, and c). For the 
Ru film, the Ru 3p3/2 signal could be deconvoluted into two peaks of different 
intensities contributed by Ru0 and RuVI (e.g. RuO3) respectively (Zhang and Chan, 
2003). For the RuOs and RuRe films, the Ru 3p3/2 signals could be deconvoluted into 
three peaks of different intensities contributed by Ru0, RuIV (e.g. RuO2) and RuVI (e.g. 
RuO3) (Zhang and Chan, 2003). When Ru is alloyed with a more oxophilic metal such 
as Os and Re (Ley et al., 1997; Gurau et al., 1998), the adsorbed oxygen species on Os 
and Re atoms may also oxidize some neighboring Ru atoms into Ru oxides. This is 
demonstrated by the experimental results of 91.66% Ru0 on the surface of Ru, 78.85% 
Ru0 on the surface of RuOs, and 75.87% Ru0 on the surface of RuRe. 
Correspondingly some higher oxidation states of Ru were detected on the surface of 
the RuOs and RuRe films (9.98% RuIV and 11.17% RuVI on the surface of RuOs, 
9.18% RuIV and 14.95% RuVI on the surface of RuRe film compared to only 8.34% 
RuVI on the surface of Ru). The Ru0 and RuVI peaks for the RuRe film were also 
shifted to lower BEs by 0.62 and 0.86 eV respectively relative to Ru. When Ru 
(electronegativity of 2.2) is alloyed with Re, an element with a lower electronegativity 
(1.9), electron transfer from Re to Ru is a possibility, which may explain the observed 
negative shifts in the Ru BEs. The fact that the BEs of Ru0 and RuVI for RuOs film 
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were somewhat higher than the corresponding values for Ru suggests a slight electron 
transfer from Ru to Os, even though the electronegativity of Os is about the same of 
that of Ru (2.2). From the integrated intensities of the deconvoluted Ru XPS signals, 
it is obvious that Ru0 was the principal oxidation state on the Ru surface for all of the 
three Ru containing films. 
          



























Figure 7.5 XPS spectra in the Ru 3p region for porous a) Ru, b) RuOs and c)RuRe 
films on Pt substrate. 
 
For the porous Os and RuOs films on Pt, XPS (Figure 7.6 a and b) highlighted the 
existence of Os0 and OsO2 (Huang et al., 2004). The BE difference between Os 4f7/2 
and Os 4f5/2 was 2.7 eV. The BEs of Os0 and OsO2 for the RuOs film were lower than 
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those for the Os film, confirming the electron transfer from Ru to Os concluded from 
the analysis of the Ru XPS signal. The integrated intensities of deconvoluted Os 
signals showed that Os0 was the predominant Os surface species, and alloyed Os was 
apparently easier to oxidize in air compared to pure metallic Os. 
 
            


















Figure 7.6 XPS spectra in the Os 4f region for porous a) Os and b) RuOs films on Pt 
substrates 
 
Finally Figure 7.7 a and b show the Re 4f spectra of porous Re and RuRe films on Pt. 
From the known high gas-phase dissociation energy of binary Re-O compounds 
(Gurau et al., 1998), and the aforementioned XRD pattern which shows Re primarily 
existed as H(ReO4)H2O even in the bulk, it is of no surprise to find that Re was all 
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oxidized to ReVII on the surface (Cimino, et al., 1980). For the Re 4f5/2 and 4f7/2 
doublet, the BE of Re 4f5/2 was about 2.43 eV higher than that of Re 4f7/2. 
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Figure 7.7 XPS spectra in the Re 4f region for porous a) Re and b) RuRe films on Pt 
substrates. 
 
7.3.2 Electrochemical Studies 
 
CO stripping measurements were carried out by polarizing the electrode at the 
selected adsorption potential (- 0.14 V), and by saturating the acidic electrolyte (0.1 M 
HClO4) with 10% CO in Ar. After 900 s of adsorption, the electrolyte was purged of 
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CO with pure Ar. Figure 7.8a and 7.8b show the voltammograms for the first two 
scans of Pt and porous Os film on Pt when the potential was swept between -0.16V 
and 0.6 V at 20 mV s-1 (The first scan was started earlier, at the adsorption potential 
of -0.14V). The CO stripping curves of porous Ru, RuOs and RuRe films on Pt were 
similar to that of Os film on Pt, and for clarity of presentation, only the data from their 
respective first forward scans are included in Figure 7.8b. The CO stripping curve of 
the porous Re film on Pt was identical to that of pure Pt because the experimental 
conditions had caused the complete dissolution of Re in the electrolyte. On the 
contrary, Re in the RuRe alloy was more resistant to electrolyte dissolution possibly 
because of the enhanced stability of Re in the Ru lattice. In general COad oxidation 
was complete in the first scan with the second scan contributed mostly by double-
layer charging, water dissociation reaction, and metal oxidation. The CO striping 
curves could therefore be more precisely determined by subtracting the features in the 
2nd scan from the 1st scan. The resulting “background-corrected” CO stripping curves 
(Figure 7.8c) showed nearly the same COad charge for Pt, Pt-Ru, Pt-Os, Pt-RuOs, and 
Pt-RuRe, even though 85% of the Pt surface was covered by the oxophilic metal(s). 
This suggests that CO adsorption occurred not only on the Pt surface, but also on the 
oxophilic metals, as has been previously known (Ru (Gasteiger, et al., 1995), Os 
(Orozco and Gutierrez, 2000), and Re (Grgur, et al., 1998)). 
                                                                                                                         Chapter 7 
 138 
































    
Figure 7.8 a) The first two scans of CO stripping voltammograms for Pt quartz 
crystal substrate in 0.1 M HClO4; b) Cyclic voltammograms of CO stripping for 
porous Os film on Pt (red).  Solid line: 1st scan. Dash line: 2nd scan; c) Oxidation of 
pre-adsorbed CO on Pt quartz crystal substrate (black), porous Ru on Pt (blue), Os on 
Pt (red), RuOs on Pt (green), and RuRe on Pt (purple) after background correction 
(see text). Electrolyte: 0.1 M HClO4; Scan range: -0.16 V to +0.6 V versus Ag/AgCl 
(3 M KCl), scan rate: 20 mVs-1, temperature:  25oC. Electrolyte: 0.1 M HClO4. Also 
included are first forward scans of CO stripping voltammograms for porous Ru-Pt 
(blue), RuOs-Pt (green), RuRe-Pt (purple). 
 
The kinectics of COad oxidation on catalytic metals is dependent on four factors: 
water dissociation on the metal surface to form -OHad; the strength of the metal-OHad 
bond; the strength of the metal-COad bond; and the surface reaction between COad and 
–OHad leading to CO2. According to a previous calculation (Kua and Goddard, 1999), 
the ability to dissociate water is ranked as Ru > Os > Pt; the binding energy of -OHad 
on Pt, Ru, and Os are 40.79, 49.30, and 51.35 kcal/mol respectively, indicating that -
OHad is easier to be removed from the Pt surface than on the surfaces of Ru and Os (in 
that order). The binding energies of COad on Pt, Ru, and Os are 41.88, 26.25, and 
34.53 kcal/mol and hence the ease of removal of COad on the three metals follows the 
order Ru > Os > Pt.  The rate of reaction between –OHad and COad should be similar 
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for all of the three metals after OHad and COad are sufficiently weakened from their 
binding sites. Based on these arguments COad oxidation should be easier on Ru than 
on Os because Ru promotes water dissociation, and the binding of -OHad and COad on 
Ru are also weaker. While OHad is only weakly held by the Pt surface, Pt is 
handicapped by the difficulty in water dissociation and the strength of the Pt-COad 
bond. The onset potentials for CO removal in Figure 7.8c (~0.33V for Ru, ~0.38 V 
for Os, and ~0.40 V for Pt) basically confirm the difficulty of COad oxidation on Pt. 
 
Since water dissociation and -OHad removal are both more facile on Ru than on Os, 
COad oxidation should be more efficient on the Ru-Pt pair sites than on the Os-Pt pair 
sites. COad on Pt is removed by reaction with OHad on a neighboring oxophilic metal 
site. Below the potential for water dissociation on Pt, the reacted COad is replenished 
by the surface diffusion of COad from the remote Pt-only sites to the pair sites. The 
mobility of COad is good on large Pt particles, and on a smooth electrode surface such 
as the Pt QCM substrate. In the event of limited COad mobility (e.g. in a sulfate 
containing electrolyte), rapid OHad spillover from the oxophilic metal to the pair sites 
is a possibility. The OHad spillover effect would not be a key consideration here since 
a sulfate-free electrolyte was used. Based on these considerations that the CO 
oxidation peak potential for Pt covered with porous Ru would be lower than that for 
Pt covered with porous Os, which in turn would be lower than that for pure Pt. The 
inference is supported by experimental measurements shown in Figure 7.8c: peak 
potentials of 0.43 V for Ru/Pt and 0.52 V for Os/Pt. For pure Pt this would have to 
occur at the potential for water dissociation which is 0.56 V, (Gasteiger et al., 1995) 
resulting in a very steep CO stripping curve. 
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When Ru was alloyed with the more oxophilic metals of Os and Re, the onset 
potentials shifted negatively by 0.02 V to ~0.19 V. This indicates that alloying has 
weakened the adsorption strengths of -OHad or COad, although not significantly. The 
peak potentials for CO oxidation were shifted negatively by ~0.05 and ~0.03 V for the 
porous RuOs and RuRe films respectively. The percentages of Ru as RuOx on the 
RuOs and RuRe surfaces were 21.15% and 24.13%. The Os sites in the RuOs surface 
also contained 37.23% of OsO2 (and 62.77% of Os), whereas Re in the surface of 
RuRe was 100% of Re2O7. XPS results have shown that the binding energy of –OHad 
was weaker on RuOs and hence RuOs is more adept at supplying OHad to a 
neighboring Pt site for collaborative COad removal, justifying the lower peak potential 
for CO oxidation on the Pt-RuOs film. 
 
Current density-time curves measured at a fixed potential were used to project the 
long-term performance of the various pair sites in room temperature methanol 
electrooxidation. Figure 7.9 shows current densities measured at + 0.4 V versus 
Ag/AgCl (3 M KCl) for a period of 3600 s in an Ar-purged solution of 0.5 M CH3OH 
in 0.1 M HClO4. The electrode was conditioned at - 0.12 V for 120 s prior to the 
measurements to ensure that there was no methanol adsorption on the catalyst surface. 
The high initial current was contributed by double-layer charging (Chu and Gilman, 
1996), and by the large number of active sites initially available for methanol 
activation. Current density decayed precipitously within the first few seconds of 
applying the potential (Jiang, et al., 2004) as the Pt sites were progressively 
deactivated by the CO-like intermediates formed in the dissociative chemisorption of 
methanol. It was followed by a hyperbolic decay (Chu and Gilman, 1996) before a 
steady state was attained in approximately 1500 s. The porous RuOs film on Pt 
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provided the highest steady state oxidation current density at 3600s (0.58 mA cm-2), 
followed by porous RuRe film on Pt (0.45 mA cm-2), porous Ru film on Pt substrate 
(0.17 mA cm-2), and porous Os film on Pt substrate (0.08 mA cm-2). Because of the 
electrolyte dissolution of Re, the porous Re film on Pt behaved identically to the Pt 
substrate, producing the same lowest oxidation current density (0.008 mA cm-2). 
Since Pt sites away from the Pt-oxophilic metal interface were severely deactivated 
due to the lack of a renewal mechanism, their contribution to the measured current 
densities was negligible, and this had been confirmed by measurements using a pure 
Pt substrate. Control experiments using Ru, Os, Re, RuOs, and RuRe films without Pt 
also showed no residual activity on methanol electrooxidation under the same 
experimental conditions. Hence the steady state activities in Figure 7.9 are 
characteristics of the ability of the pair sites in turning over the tenacious CO-like 
reaction intermediates. In this regard the Pt-RuOs pair sites had shown the most 
sustainable activity, followed by the Pt-RuRe, Pt-Ru, and Pt-Os pair sites, in exactly 
the same order as that measured by CO stripping voltammetry. 
 
According to the theory of bifunctional catalysis, methanol dissociation occurs on the 
Pt sites and water dissociation on the oxophilic metal sites. Since there was no clear 
indication of electronic effect by XPS measurements, it is assumed that the binding 
energy of CO on Pt would not be affected by neighboring atoms of the 
electrodeposited oxophilic metal. Consequently the difference in the CO removal rate 
for the various pair sites (Pt-Ru, Pt-Os, Pt-RuOs and Pt-RuRe) must be traceable to 
the ability of the pair sites in providing chemically labile OHads. For monometallic 
oxophilic metals, the effectiveness of Ru (relative to Os, as Re is unstable in acidic 
electrolytes) can be understood on the basis of M-OHad bond strength considerations 
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alone. For bimetallic oxophilic metal combinations, the resilient activity of the Pt-
RuOs site relative to Pt-RuRe and Pt-Ru can likewise be rationalized in terms of the 
weakening of the binding energy of OHad due to alloying. XPS results have shown 
that the weakening effect was the strongest in the RuOs system. 
 




























    
Figure 7.9 Current density-time plots of the Pt substrate and porous Ru, Os, Re, RuOs, 
and RuRe films on Pt in Ar-purged 0.1 M HClO4 and 0.5 M CH3OH polarized at a 
constant potential of 0.4 V versus Ag/AgCl (3 M KCl) at 25oC. The current density is 




The use of porous oxophilic metal films on Pt with distinct Pt-oxophilic metal 
interfaces removes many of the uncertainties in attributing the measured activity 
difference to the intrinsic chemistry of the various pair-sites. Unlike conventionally 
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prepared alloy catalysts where the control of particle geometry and composition is a 
perennial problem, the porous metal films prepared here have the same pore diameter, 
the same pore layout, and an increased number of pair sites compared to multi-
segment nanorods. From both CO stripping voltammetry and chronoamperometric 
measurements in acidic electrolytes, the Pt-RuOs pair sites have shown the best CO 
tolerance and consequently the most sustainable catalyst activity in methanol 
oxidation, followed by the Pt-RuRe pair sites, the Pt-Ru pair sites, and the Pt-Os pair 
sites. On the other hand the Pt-Re pair sites are ineffective because of the selective 
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CHAPTER 8 
CONCLUSIONS & RECOMMENDATIONS 
 
This thesis attempts to prove the existence of Pt-oxophilic metal pair sites and their 
contributions in the bifunctional catalysis of methanol electrooxidation at room 
temperature. Model bimetallic and multi-component catalysts with customizable and 
easily identifiable Pt-oxophilic metal interfaces were produced by a number of 
methods based on templated electrodeposition. The model catalysts were prepared in 
two major geometrical configurations: as segmented nanorods consisting of an 
alternating sequence of Pt and the oxophilic metal, or as a macroporous film of the 
oxophilic metal on Pt. The model catalysts were comprehensively characterized to 
quantify their morphology, overall composition and distribution of the constituent 
metals, the metal oxidation states and crystal structures; and the number of bimetallic 
interfaces. The catalytic activities and CO tolerance of the model catalysts were 
evaluated by voltammetry and chronoamperometry in laboratory half cells simulating 
the operation of a DMFC anode under acidic conditions at room temperature. The 
major findings of this thesis study include the following: 
 
1. Multi-segment PtNi nanorods (Ni-Pt, Ni-Pt-Ni, Ni-Pt-Ni-Pt, Ni-Pt-Ni-Pt-Ni) 
with adjustable lengths of the individual metals were obtained by sequential 
electrodeposition of Pt and Ni into the pores of anodic aluminum oxide (AAO ) 
membranes. The fabricated segmented nanorods were about 170 nm in 
diameter, 1.6 µm in length; with 530 nm of total Pt segment length. The 
                                                                                                                        Chapter 8 
 145 
alternating Pt and Ni segments could be easily differentiated by FESEM. 
Crystal structure determination by XRD indicated that Pt and Ni were 
polycrystalline and face-centered cubic. The presence of Pt(0), Pt(II), Pt(IV), 
Ni(0), Ni(II) on the nanorod surface was implicated by XPS measurements. 
The nanorods were catalytically active in the room temperature 
electrooxidation of methanol. The relative rates of reaction as measured by 
cyclic voltammetry showed a linear relationship between the peak current 
densities and the number of Pt-Ni interfaces. The segmented nanorods have 
therefore provided an unambiguous demonstration of the existence of 
bimetallic pair sites and their contributions in the bifunctional catalysis of the 
DMFC anode reaction. The use of segmented nanorods with distinct and 
quantifiable Pt-Ni interfaces has therefore removed many of the ambiguities 
associated with the interpretation of experimental data from conventional alloy 
catalysts where the determination of both the identity and number of active 
sites is a perennial problem.  
 
2.  200 nm multi-segment PtRu nanorods (Pt-Ru, Pt-Ru-Pt, Pt-Ru-Pt-Ru, Pt-Ru-
Pt-Ru-Pt, Pt-Ru-Pt-Ru-Pt-Ru) were likewise prepared for a total nanorod 
length of 1.2 µm, and a total Pt segment length of 900 nm. The alternating Pt 
and Ru sequence was confirmed by FESEM, and XRD revealed that Pt and Ru 
were polycrystalline with face-centered cubic (fcc) and hexagonal close-
packed (hcp) lattice structures respectively. XPS measurements showed the 
presence of Pt(0), Pt(II), Pt(IV), Ru(0), Ru(VI) on the nanorod surface. The 
nanorods were catalytically active in the room temperature electrooxidation of 
methanol. The relative rates of reaction as measured by chronoamperometry 
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showed a linear relationship between the long time (near steady state) current 
density and the number of Pt-Ru interfaces.  
 
3. Five segment Pt-Ru-Pt-Ru-Pt, Pt-Ni-Pt-Ni-Pt, and Pt-RuNi-Pt-RuNi-Pt 
nanorods were fabricated with a diameter of 210 nm, a total length of 1.453 
µm, and a total Pt segment length of 1.097 µm. XRD measurements indicated 
that Pt and Ni were face-centered cubic polycrystals, Ru was hexagonal closed 
packed polycrystals; and codeposited RuNi was a solid solution of Ru in Ni. 
The chemical states of Pt, Ru, and Ni on the nanorod surface as assayed by 
XPS showed the presence of Pt(0), Pt(II), Pt(IV), Ru(0), Ru(VI), Ni(0) and 
Ni(II). The relative rates of reaction as measured by cyclic voltammetry and 
chronoamperometry in the potential window of -0.16 V and 1 V vs Ag/AgCl 
(3 M KCl) showed that the Pt-RuNi pair sites had the lowest overpotential to 
dissociate water, and the highest catalytic activity and CO-tolerance. The Pt-
Ru pair sites were next in line in terms of water dissociation capability, and 
were subsequently more active than the Pt-Ni pair sites at potentials below 
0.56 V vs Ag/AgCl (3 M KCl). On the contrary, the Pt-Ni pair sites were 
catalytically more active than the Pt-Ru pair sites between 0.56 V and 1 V vs 
Ag/AgCl (3 M KCl). Chronoamperometry also showed more sustainable 
activity of Pt-Ni pair sites than that of Pt-Ru pair sites at 0.6 V vs Ag/AgCl (3 
M KCl). The use of segmented nanorods with identifiable Pt-oxophilic metal(s) 
interfaces has enabled a direct comparison of the activities of various types of 
pair sites in methanol oxidation, and has discovered new and highly effective 
pair sites in Pt-RuNi interfaces. 
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4. The activities of the Pt-RuNi interface were further investigated using five- 
segment Pt-RuNi-Pt-RuNi-Pt nanorods with the same geometrical attributes 
(diameter of 209 nm, overall rod length of 1.448 µm and total Pt segment 
length of 1.058 µm) differing only in their RuNi compositions. The co-
deposited RuNi adopted either the Ru hcp structure or the Ni fcc structure 
depending on the Ni content. XPS analysis showed that Pt(0) was the 
predominant surface oxidation state of Pt in the Pt segments, while Ru(0) and 
NiO predominated on the surface of the RuNi segments. Since the segmented 
nanorods were produced with the same number of bimetallic interfaces (five 
per nanorod), the observed difference in activities should mirror the intrinsic 
chemistry of the pair sites. Voltammetric and chronoamperometric 
measurements showed that Pt-RuNi pair sites with a substantial presence of Ni 
in the RuNi phase while maintaining an overall Ru hcp structure was 
beneficial. Excess Ni, on the other hand, which resulted in the formation of a 
solid solution of Ru in Ni in the RuNi phase, was counterproductive. 
 
5. Macroporous Ru, Os, Re, RuOs, and RuRe films were deposited on Pt 
substrate covered with annealed closely packed polystyrene (PS) spheres. 
Electrodeposition of the oxophilic metal was therefore confined to the 
interstices in the PS packing. XRD indicated that Pt was fcc.; Ru and Os were 
hcp.; Re was H(ReO4)H2O in tetragonal close packed (tcp); and codeposited 
RuOs and RuRe adopted Ru’s hcp structure with some negative shifts in the 
Bragg angles, suggesting that they were solid solutions of Os and Re in Ru.  
XPS detected the following major oxidation states on the metal surface: Pt0 on 
Pt surface; Ru0 on Ru, RuOs and RuRe surface; Os0 on Os and RuOs surface; 
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ReVII on Re and RuRe surface. Both CO stripping voltammetry and 
chronoamperometrtic measurements indicated that the Pt-RuOs interface is 
most promising for sustained CO oxidation, followed by Pt-RuRe, Pt-Ru, and 
Pt-Os in that order. The trend could be rationalized in terms of the strength of 
OH adsorption on the oxophilic metals and the contributions of OHad to the 
overall methanol oxidation reaction.  
 
Most of the comparative measurements on catalytic activities leading to the above 
conclusions were carried out at steady state where the contributions from the Pt sites 
remote from the bimetallic interface were minimal because of strong deactivation of 
the Pt-only sites by tenaciously held adsorbed methanol residues. In principle the 
effect of the bimetallic interfaces can be accentuated if the model catalysts are 
prepared with a proliferation of the pair sites. For example, the ratio of pair sites to Pt-



























            (8-1)                                            
 
Where Drod is the nanorod diameter; DPt is the Pt atomic diameter (0.278nm); N is the 
number interfaces of Pt-X per rod; Lrod is the totally Pt length per rod. The equation 
suggests that the ratio can be increased through an increase in the number of 
interfaces or the decrease in the total Pt segment length. However, experimentally it 
was difficult to control the length of each Pt segment to within 100 nm  by the 
constant current density electrodeposition method, and it was very time-consuming to 
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produce a large number of segments per rod because of the extensive cleaning 
procedures required between each switching of the plating solutions.  
 
The situation appears to be improved in the case of macroporous films where the ratio 


























                                                                 (8-2) 
Where Dpore is the average diameter of oxophilic metal(s) pores. While the ratio may 
be improved by reducing the oxophilic metal pore size, the number of pair sites on a 
Pt QCM electrode is however limited and this can lead to unreliable activity 
measurements by the potentiostat/galvanostat. The shortcoming may be circumvented 
by using a larger Pt substrate to provide more pair sites per Pt disc with the same PS 
sphere size and the same pore size, but the experimental cost would be prohibitively 
high.  
 
The thesis explored two very effective methods for the direct comparison of the 
activities of different binary and ternary pair sites. Although more variants of pair 
sites need to be investigated in order to establish a systemic trend, some simple rules 
did surface from the experimental results in regard to the selection of the oxophilic 
metal for the Pt-X pair sites. All oxophilic metals (those with higher binary bond 
dissociation energies for gas phase X-O than that of Pt-O) can provide OH species at 
a lower overpontential than Pt. Among the oxophilic metals which are stable in the 
acidic electrolyte, those with lower X-O bond dissociation energies are a better choice 
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as Pt promoters. It also appears that a prudent pre-alloying of two oxophilic metals 
can deliver a synergistic effect in regard to the promoting capability of the individual 
metal.  
 
The discovery of enhanced activities and CO tolerance of the Pt-RuX (X = Ni, Os, Re) 
pair sites may be more conveniently implemented as core-shell nanoparticles 
consisting of a Pt core decorated with an incomplete shell RuX or RuX nanoparticles, 
or a RuX core decorated with an incomplete Pt shell or satellite Pt nanoparticles. 
Notwithstanding the difficulty in fabricating the core-shell nanoparticles, the catalysis 
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